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ABSTRACT
OMPD BUT NOT OMPC IS INVOLVED IN ADHERENCE OF SALMONELLA 
ENTERICA SEROVAR TYPHIMURIUM TO HUMAN CELLS
by
Bochiwe Hara-Kaonga 
University of New Hampshire, May, 2002
Salmonella enterica serovar Typhimurium expresses three major outer membrane 
proteins: OmpC, OmpF, and OmpD. Conflicting reports exist regarding the role of 
OmpC and OmpD in the pathogenesis of this organism. This study investigated the role 
of OmpC and OmpD in adherence to human U937 macrophages and T84 intestinal 
epithelial cells. OmpC and ompD mutant strains were created by transposon mutagenesis 
utilizing P22-mediated transduction of Tn/0 and Tn5 insertions into wild-type strain 
14028. Fluorescein-labeled wild-type and mutant bacteria were incubated with PKH26- 
labeled T84 cells at various bacteria-to-cell ratios for 1 h at 37 C. Single and dual 
fluorescence of samples was analyzed by flow cytometry to obtain mean fluorescence 
intensity (MFI)- The MFI values of cells with adherent wild-type and mutant bacteria 
were compared to determine adherence levels. MFI values were used to estimate the 
number of bacteria bound per host cell. Dual-color fluorescence gave a more precise 
analysis of adherence. Analysis showed no significant difference in binding of ompC 
mutant and wild-type strains to the human cells but there was lower binding of the ompD
xvii
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mutant to these cells. Fluorescence microscopy was also used to measure adherence 
under the same conditions and data were obtained as number of bacteria bound per 100 
cells. Results from this method correlated with those obtained from flow cytometry.
In conclusion, ompD but not ompC mutation yielded a significant difference in 
the binding of serovar Typhimurium to human U937 macrophages and T84 intestinal 
epithelial cells.
xviii
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INTRODUCTION
Salmonella enterica serovar Typhimurium is a gram-negative, facultative 
intracellular bacterial pathogen that naturally infects its mammalian host by the oral 
route. Human diseases caused by Salmonella serotypes range from mild gastroenteritis 
caused by serovars Typhimurium and Enteriditis to serious systemic infection (typhoid 
fever) caused by serovars Typhi or Paratyphi. Both serovars Typhimurium and 
Enteriditis can, however, cause systemic infection in young or immunocompromised 
hosts. Serovars Typhi or Paratyphi are host-specific pathogens that infect humans only, 
while serovars Typhimurium and Enteriditis will infect many different hosts. Host- 
specific Salmonella serovars generally cause systemic infections and are more virulent 
than serovars that lack host specificity (73). The estimated number of infections in the 
United States exceeds 1.4 million annually (55). In 1995,24% of all reported Salmonella 
infections in the United States were caused by serovar Typhimurium, second only to 
serovar Enteriditis phage group 4. From the serovar Typhimurium isolates, 32% were 
found to be multi-drug resistant phage type DT104 (1). Emergence of multi-drug 
resistant strain is always a major concern in public health.
The severity of clinical illness and increase in frequency of isolation of S. enterica 
serovar Typhimurium DT104 led to a recent study that made an in vitro and in vivo 
assessment of the virulence of this multi-drug resistant strain. Virulence-associated 
phenotypes of several clinical isolates of DTI04 were examined and compared to that of 
S. enterica serovar Typhimurium ATCC 14028s, a well known wild-type virulent strain 
that was used in the studies reported here. The comparison was done on four virulence- 
associated phenotypes: the ability to survive within murine peritoneal macrophages, 
invade cultured epithelial cells, resist antimicrobial actions of reactive oxygen and
I
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nitrogen compounds, and cause lethal infection in mice. The results showed that DT104 
isolates and strain 14028s were virulent at similar levels in all four categories (3).
General Course of Infection
All salmonellae are thought to infect their hosts by a similar route. Infections are 
usually contracted by ingestion of contaminated food or water, followed by passage of 
the bacteria through the stomach to the intestine, where these bacteria adhere to and 
invade the epithelial cells of the intestinal mucosa. In many hosts 5. Typhimurium 
invades specialized epithelial cells known as M cells of the Feyer's patches (IS, 37).
M cells are distinctive epithelial cells structurally and functionally specialized for 
transepithelial transport, delivering foreign antigens and microorganisms to organized 
lymphoid tissues within the mucosa of the small and large intestines. Salmonella invade 
enterocytes and M cells through the apical membrane, then penetrate past the basolateral 
membrane to the lamina propria and travel to the underlying reticuloendothelial system 
where they encounter macrophages and lymphocytes (40,55). The bacteria have either 
to avoid or to survive the killing mechanisms of macrophages in order to move into 
deeper tissues. Survival within the macrophage is critical for Salmonella virulence, since 
it enables these bacteria to evade key defenses of the immune system. When 
macrophages are unable to kill the pathogen, the bacteria may then be transported within 
macrophages to regional lymph nodes, spleen and liver, where they may multiply further 
and spread via blood circulation (36).
Since epithelial cells are normally non-phagocytic or "nonprofessional 
phagocytes", all Salmonella serotypes share the ability to invade these cells by actively 
inducing their own uptake (22). Serotypes associated with gastroenteritis orchestrate an 
intestinal inflammatory and secretory response evident by the presence of 
polymorphonuclear leukocytes, which are often seen infiltrating the small intestine at the 
site of bacterial entry (53, 54). On the other hand, host-specific serotypes establish
o
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systemic infection through their ability to survive and replicate in mononuclear 
phagocytes or macrophages and travel through the lymphatic system and blood stream to 
infect sites such as liver and spleen (62).
As facultative intracellular pathogens. Salmonella preferentially associate with 
macrophages when they encounter these host cells in the underlying layer. Salmonella 
enter into both phagocytic (macrophages) and nonphagocytic cells by macropinocytosis 
and reside in the resulting large membrane-bound vacuoles (phagosomes). While 
residing in the phagosomes they express several gene products that enhance intracellular 
survival (22) such as those associated with neutralizing lysosomal killing mechanisms. A 
general theme among pathogens that reside in the phagosome is their ability to avoid 
fusion with lysosomes. Studies of murine macrophages infected with 5. Typhimurium 
have shown that these bacteria can escape phagosome-lysosome fusion (35).
Adhesion of Salmonella to Mammalian Cells
Bacterial adherence to host cells is an essential first stage in initiation of infection 
by many pathogens, including Salmonella (27). It is a critical stage because it localizes 
pathogens to appropriate target tissues. Adhesion to host cells may result in 
internalization, either by phagocytosis or by bacterial-induced macropinocytosis (22). 
Both processes are initiated by ligand-receptor interactions that activate host signaling 
pathways that provide the necessary force to internalize the particle into a phagosome 
(22).
A variety of molecules or macromolecular structures, collectively known as 
adhesins, mediate adherence to cell surfaces. Adhesins are broadly divided into fimbrial 
adhesins (fimbriae or pili) and afrimbrial adhesins (includes all other adherence 
molecules) (22). It is known that serovar Typhimurium encodes several fimbrial 
adhesins, including long polar (LP) and type-1 fimbriae, that mediate bacterial 
attachment to host cells (5-7). Flagella have also been implicated in attachment of
3
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salmonellae to epithelial cells (14). Lipopolysaccharide (LPS) has long been known to 
bind to a variety of host cells including macrophages and multiple pathways for this 
interaction have been described (18,20). Our laboratory has shown that LPS mediates 
adherence of serovar Typhimurium to murine macrophages (2). Mutants created from 
disruption of O-side chains on LPS of serovar Typhi and serovar Choleraesuis rendered 
the bacteria non-adherent to HeLa cells. However the contribution of LPS to adhesion of 
serovar Typhimurium is not universal because rough mutants were able to enter tissue 
culture cells as well as smooth strains (26, 58).
Adherence of salmonellae to mammalian cells has been proposed to occur as a 
two-step process: an early reversible step and a subsequent irreversible one. The 
irreversible step requires de novo RNA and protein synthesis by the bacteria (30). S. 
Typhimurium has genetically separate loci for adherence and invasion (64); thus, the two 
events can be studied separately. However, in epithelial cells adherence and 
internalization of Salmonella are closely linked events (21). These events appear to be 
regulated by environmental conditions (25). Such binding may, in turn, induce global 
changes in the host cells, thereby facilitating bacterial uptake by specific receptors that 
are not usually involved in phagocytosis (64). Salmonella have been shown to synthesize 
new proteins during binding to epithelial cells (182) as well as macrophages (13). The 
nature of bacterial ligands of serovar Typhimurium and of specific host receptors on 
epithelial cells or macrophages involved in the adherence process is not known.
Recently, porins, a subset of outer membrane proteins (OMPs) of gram-negative 
bacteria, have been investigated as possible adhesion molecules and virulence factors in 
host cell recognition.
Porins
Although layers that are more external (such as capsules, S-layers, and sheaths) 
(11) can be found above the outer membrane (OM), this lipid-protein bilayer is usually
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considered to be the outermost layer of the gram-negative cell membrane. The OM 
contains numerous proteins, phospholipids, and LPS. Like other gram-negative bacteria, 
S. Typhimurium has an OM surrounding the periplasmic space. The OM separates the 
external environment from the periplasm. Because bacteria rely on diffusion for nutrition 
and dissemination of wastes, the OM is porous to certain substances but not too porous 
since larger periplasmic constituents that are vital to the cell's livelihood must be retained 
(11). Porins are a subset of OMPs that assemble into pores that form water-filled 
channels across the OM for the transport of small hydrophilic molecules (61). Porins 
exist as homo- or heterotrimers in vivo (29) and are hydrophilic; their primary structure 
contains a short stretch (10-14 residues) that crosses the OM bilayer as amphiphilic B- 
strands forming a barrel. They have numerous (5 or more) surface epitopes, 6 to 25 
residues in length (38). They may be partially obscured by LPS and completely blocked 
by O-antigen sugars (9). While the primary structure of porins varies among different 
bacteria, the structural motif of B strands-barrel is conserved (74).
Initially porins were recognized for their role in transporting solutes across the 
bacterial membrane, but now they are known to play a role in various biological 
activities. Porins are a major site for bacterial interaction with host cells such as 
polymorphonuclear leukocytes (81), intestinal epithelial cells (23,37), and macrophages 
(59,60). Association of porins from Salmonella with host cells triggers a variety of 
biological events, which include induction of cell-mediated (51,52) and humoral (78) 
immune responses and induction of cytokine gene expression (28). They are associated 
with immune defenses against infection (41,50). Anti-porin antibodies specific for 
serovars Typhimurium and Enteriditis developed in egg-yolks conferred a high level of 
protection in mice (84). As a result Salmonella porins have been proposed as broad- 
spectrum vaccines (78) or serovar-specific ones (50). Porins are also known to act as 
receptors for the attachment of various bacteriophages (31). In situ porins are intimately 
associated with LPS which can make it difficult to interpret studies on biological activity
5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of porins. It has been proposed that porins must be associated with LPS to be 
biologically active in vitro (41,76).
Serovar Typhimurium expresses three porins when grown under normal growth 
conditions: OmpC (36 kDa), OmpF (35 kDa) and OmpD (34 kDa). Escherichia coli 
synthesizes two such porins: OmpC and OmpF (46,75). Bacteria exhibit a wide variety 
of adaptive responses to changes in the environment; these include an increase or 
decrease in the expression of OmpC and OmpF in response to different demands and 
stresses (osmolarity, temperature, pH, oxygen tension and nutrient starvation) (65).
The influence of osmolarity on the expression of OmpC and OmpF has been 
extensively studied in E. coli and S. serovar Typhi. In both serovar Typhi and E. coli, 
OmpF is preferentially expressed in media of low osmolarity. OmpC in serovar Typhi, in 
contrast to E. coli, is not influenced by osmolarity (i.e., it is expressed at the same level at 
both low and high osmolarity) (49,67). Lack of osmoregulation of OmpC expression in 
S. serovar Typhi is determined by ompB operon (49).
The ompB locus contains two distinct genes, envZ and ompR that regulate OmpF 
and OmpC expression at transcriptional level. EnvZ/OmpR is a two-component 
regulatory system that responds to environmental stimuli. OmpR, a cytoplasmic protein, 
is the activator that binds to both ompF and ompC promoters; EnvZ, an inner membrane 
protein, senses the environmental signal in order to modulate OmpR function by 
phosphorylation and dephosphorylation (49,65). The fact that expression of major 
porins, OmpC and OmpF, in Salmonella serovars is environmentally regulated suggests 
that their proteins may play a role in the survival of the bacterial pathogens in the 
progressively changing microenvironment in which they are found during the infectious 
process.
OmpD porin is of special interest for various reasons. First, it is found in serovar 
Typhimurium but is absent in serovar Typhi because the ompD gene is absent in the latter 
(72). It is also absent in E.coli and other gram-negative bacteria (41,75). Absence
6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of the ompD gene in serovar Typhi may suggest a role in host specificity. Secondly, what 
regulates OmpD expression is not yet known, as this porin is not regulated by the 
envZ/ompR regulatory system (57). There is an indication that OmpD is regulated in a 
manner similar to E. coli NmpC and Lc proteins (74). N- terminal sequencing identified 
a total of 96 residues from four distinct peptides and the sequencing revealed that OmpD 
is similar to NmpC (75% identity), Lc (75% identity) and OmpC (70%) of E. coli, and 
OmpC (68%) of serovar Typhimurium. In addition, Western immunoblot reactivity of 16 
anti-serovar Typhimurium monoclonal antibodies showed a close immunological 
relationship among OmpD and E.coli NmpC and Lc porins (74). The three proteins are 
also similar in that they are subject to catabolite repression and their biosynthesis is not 
affected by osmolarity of the growth medium (46). It has been concluded that the three 
proteins form a subfamily that is part of a larger family that includes OmpF, OmpC and 
PhoE (74,75). In serovar Typhimurium further characterization has shown that OmpD 
has greater immunological similarity (in terms of shared epitopes) and greater structural 
similarity with OmpC than with OmpF (63). Little is known about the OmpD porin, 
apart from the genomic location of the ompD gene and the immunochemical and 
topological structure of the porin itself (74,75).
Role of Porins in Salmonella Pathogenesis
Mutations in some, but not all porin genes affect the virulence of 5. Typhimurium 
in mouse model or cultured cell systems. A mutation in the ompR regulatory locus is the 
most striking in its effects on virulence, with an ompR derivative of a virulent serovar 
Typhimurium strain being highly attenuated in vivo. OmpR mutants failed to kill mice 
after oral challenge. The LD*, of an ompR mutant following intravenous challenge in 
mice was reduced by 10s compared to the corresponding wild-type strain. Bacteria 
persisted in murine tissues for several weeks following oral or intravenous challenge. 
Mice immunized with these ompR mutant strains were well protected against challenge
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with a virulent strain. On the other hand, ompC and ompF mutants were as virulent as 
wild-type strains after oral challenge, but ompD mutants showed a slight reduction in 
virulence (19). When the double mutant in ompC ompF was administered orally and 
intravenously in mice the LDjq was reduced by 1,000 fold and 10 fold, respectively, 
compared to wild-type control. The ompC ompF mutant bacteria persisted in murine 
tissues for several weeks following oral challenge, and mice immunized with these 
mutants were well protected against challenge with a virulent strain (17). Comparison of 
adhesion and invasion capacities between wild-type strains and their corresponding 
ompD mutants to human Intestine-407 cells showed no significant difference. 
Furthermore, LD* and colonization of tissues in mice revealed no significant difference 
in virulence between the mutant and wild-type strains (56). Studies done in our 
laboratory showed that a wild-type strain adhered to murine peritoneal macrophages at 5- 
fold higher levels than did an ompC mutant. Also, macrophages in monolayers and in 
suspension bound and internalized 3-fold and 40-fold more wild-type than mutant 
bacteria, respectively (60). Murine macrophages recognized and adhered to an OmpD- 
like protein with a molecular mass of 44 kDa (59).
Role of Porins in Shieella Pathogenesis
Besides Salmonella, the role of porins in adherence to host cells has been 
investigated in Shigella flexneri. Shigellae are gram-negative enteric bacilli that cause 
bacillary dysentery. Because very few investigations have been conducted in this area, it 
is worth reporting the results from the Shigella study for comparison with Salmonella 
studies.
Three Shigella flexneri mutants, ompB, ompC, ompF, were compared for 
virulence using in vivo and in vitro assays (10). A plaque assay that reflects the ability of 
Shigellae to spread within a cell monolayer and kill host cells was conducted on 
confluent HeLa cell monolayer. The plaque assay was conducted at multiplicity of
8
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
infection of 1,10, 100, and 1000. Under these conditions, the ability of ompB and ompC 
mutants to spread from cell to cell and to kill epithelial cells was severely affected. The 
ompC mutant was observed to form tiny plaques that did not increase in size even after 
prolonged incubation while the ompB mutant was completely unable to form plaques.
The ompF mutant behaved like the wild-type M90T strain in all virulence tests. The 
ability of these mutant strains and the wild-type bacteria to kill J774 macrophages was 
also assessed. Interestingly, there were no significant differences between mutant strains 
and wild-type M90T in destruction of these macrophages (10).
In vitro Analysis of Bacteria-Host Cell Interactions
The problem of assessing and quantifying bacteria-host cell interactions in vivo 
has led investigators to use in vitro infection models and methods to assess adherence, 
invasion or phagocytosis and to determine the pathogenic potential of mutants screened 
in genetic studies. In vitro infection systems have been used to characterize bacteria such 
as salmonellae as facultative intracellular bacteria and to investigate mechanisms by 
which these bacteria can survive and multiply within macrophages (69).
Salmonella interactions with host cells are usually studied using animal models 
(usually Balb/c mice) and cultured animal cells (77). The effects of mutations in ompC, 
ompD, ompF, and ompR genes on the virulence of serovar Typhimurium, as previously 
described, were determined by conducting LDjq studies in Balb/c mice (17,19,56). 
Various types of cultured cell lines have been useful in understanding cellular and 
molecular mechanisms involved in bacteria-host interactions. As an example, diverse 
populations of cultured macrophages derived from Balb/c mice (peritoneal, splenic, bone 
marrow-derived), and the J774 continuous macrophage cell line were useful in 
understanding growth and intracellular survival of wild-type and macrophage-sensitive 
mutants of serovar Typhimurium. Survival of bacteria within macrophages varied with 
the source of macrophages. These studies also demonstrated the heterogeneity in
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intracellular survival among the various macrophage-sensitive mutants, which may 
reflect the relative importance of the individual mutated genes in survival within 
macrophages (12).
Similarly, a number of cultured epithelial cells have been useful in understanding 
the mechanisms of surface colonization and entry of invasive bacteria into non- 
phagocytic cells. For example, penetration of Salmonella into epithelial cells was 
initially studied in Madin-Darby canine kidney (MDCK) cell line (24). MDCK is the 
most extensively characterized polarized epithelial cell line originally isolated from a dog 
kidney epithelium (23). Three human adenocarcinoma cell lines, Caco-2, HT29, and 
T84, have been shown to form polarized monolayers and well-defined brush borders, 
mimicking a human intestinal epithelium (23). These cell lines are now frequently used 
to study various cellular and molecular aspects of pathogenesis of serovar Typhimurium.
The T84 cell line was used in the adherence studies reported here. It is a 
transplantable human carcinoma cell line that was derived from lung metastasis of a 
colon carcinoma in a 72-year-old male. These cells grow to confluence as monolayers 
and exhibit tight junctions and desmosomes between tight adjacent cells. They exhibit an 
epithelial-like morphology (American Type Culture Collection, Maryland, MD).
The human histiocytic lymphoma cell line U937 (77) was also used in this study 
study. The cells normally grow in suspension but they can become adherent if incubated 
overnight with lO"8 M phorbol myristate acetate (PMA) (70). U937 cells can be induced 
to differentiate along the monocyte/macrophage pathway by either PMA or by the 
combination of retinoic acid (RA) and 1,25-dihydroxy vitamin D3 (VD) (16).
Rationale for this Study
Most bacterial pathogens initiate infectious diseases by adhering to host cells. 
Two potential fates await the microorganism after it binds to a host cell: extracellular 
colonization after binding to nonphagocytic cells (of the epithelium) or internalization by
10
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the target cell after adhesion (34). The former pathway is followed by invasive bacteria 
such as Salmonella whose adherence and invasion of intestinal epithelial cells followed 
by invasion and survival in macrophages leads to gastroenteritis and more serious 
systemic infections. As previously stated, both adherence and invasion require ligand- 
receptor interaction. Factors that control the fate of the bound bacterium include (i) the 
type of host cell involved, (ii) the type of host cell receptor bound by the bacterial ligand, 
and (iii) the nature of the physical interaction between the bacterial ligand and the animal 
cell receptor (34).
The nature of ligands of Salmonella and host cell surface receptor(s) on intestinal 
epithelial cells or macrophages remain largely unknown. Porins are being investigated as 
possible key ligands in epithelial cell and macrophage recognition, and as virulence 
factors in serovar Typhimurium. There is no dispute that ompR mutation renders serovar 
Typhimurium avirulent but conflicting results have been reported on a few studies that 
have investigated the effect(s) of ompC, ompD, and ompF mutations on this pathogen. 
There has been only one study conducted on the effect of ompC mutation on adhesion 
and internalization of this microbe by murine peritoneal macrophages. Serovar 
Typhimurium wild-type strain 14028 adhered to murine peritoneal macrophages at 5-fold 
higher levels than did a corresponding ompC mutant. Also, macrophages in monolayers 
and in suspension bound and internalized 3-fold and 40-fold more wild-type than mutant 
bacteria, respectively (60). There has also been only one study on the effect of ompD 
mutation on adherence to human intestinal cell line. Results from this study showed no 
significant difference in adhesion and invasion capacities between wild-type strains and 
their corresponding ompD mutants to human Intestine-407 cells (56). However, no 
similar studies have been conducted using human macrophages. Also, the effect of ompC 
mutation has not been investigated on human intestinal epithelial cells.
A good knowledge and more complete understanding of initial molecular 
participants in the interaction between Salmonella and its mammalian host cells can
11
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provide valuable information on the pathogenesis of disease that can lead to the 
development of intervention strategies. Such information can also be useful in 
contributing to the preexisting knowledge on development of vaccines against Salmonella 
or developing hybrid immunogens that use Salmonella serovars as vectors.
Objective
The objective of this study was to determine the role of porins OmpC and OmpD 
in mediating adherence of S. serovar Typhimurium to human intestinal epithelial cells 
and macrophages.
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CHAPTER I
OMPD BUT NOT OMPC IS INVOLVED IN ADHERENCE OF SALMONELLA 
ENTER1CA SEROVAR TYPHIMURIUM TO HUMAN INTESTINAL 
EPITHELIAL CELLS AND MACROPHAGES
Introduction
Surface components of Salmonella such as fimbriae (7), flagella 
(14), and LPS (2,18) are well-known to be involved in host-cell attachment but 
the list is not exhaustive and the specific role such ligands may play in adherence to host 
cells is poorly understood. Furthermore, no host cell surface receptor has been 
definitively identified for Salmonella binding. Porins have been investigated as possible 
key adhesion molecules as well as virulence factors. We have investigated porin proteins 
OmpC and OmpD of serovar Typhimurium as candidate adhesins involved in the 
binding of this bacterial pathogen to human intestinal epithelial cells and macrophages. 
The role of OmpC porin in pathogenesis of serovar Typhimurium is not well understood. 
Strains of ompC and ompF mutants were as virulent as parental wild-type strains after 
oral challenge in mice(19), whereas a double mutation in ompC and ompF genes 
rendered the bacteria avirulent (17). On the other hand, an adherence study from our 
laboratory showed a five-fold decrease in attachment of an ompC mutant to murine 
peritoneal macrophages compared to the wild-type strain (60).
Similarly, the role of OmpD porin in pathogenesis of serovar Typhimurium is not 
well understood and is controversial because of conflicting results from previous studies.
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Dorman et al. (19) reported that an ompD strain was slightly reduced in virulence, 
compared to the parental strain. In contrast, Meyer et al. (56) found no significant 
difference in adherence and invasion capabilities between wild-type strains and their 
corresponding ompD mutants with human embryonic intestinal 407 cells. Furthermore, 
LDjo values and colonization of tissues in mice revealed no significant difference in 
virulence between the mutant and wild-type strains.
There has been only one study conducted on the effect of ompC mutation on 
adhesion and internalization of this organism by murine peritoneal macrophages (60) 
and also only one study on the effect of ompD mutation on adherence to a human 
intestinal epithelial cell line (56). No comparable studies have been conducted using 
human macrophages. The effect of ompC mutation has not been investigated on human 
intestinal epithelial cells. In this work we investigated the role of OmpC and OmpD 
porins in adherence to human intestinal epithelial cells and macrophages.
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MATERIALS AND METHODS
Bacterial Strains and Media
Bacterial strains used in this study are listed in Table 1. All strains were 
cultivated in Luria-Bertani (LB) broth or agar plates unless otherwise stated. In some 
experimental procedures antibiotics were added to the LB media. The antibiotics used 
were tetracycline (Tc) at 25 pg/ml and kanamycin (Km) at 25 pg/ml at all times (Sigma, 
St. Louis, MO). S. serovar Typhimurium 14028 is a virulent strain isolated from a cow 
that had died from septicemia; it was purchased from the American Type Culture 
Collection (ATCC). S. serovar Typhimurium strains BHKC1 and BHKC2 are ompC and 
ompD mutants, respectively, that were developed by transposon mutagenesis in the 
parent 14028 background in this study.
Propagation of Phage P22 HTlOSiitf
S. Typhimurium LT2 strain SGSC 1412 is a permissive bacterial host strain that is 
used to propagate P22 HT105mr to obtain high titers (Kenneth Sanderson, Salmonella 
Genetic Stock Center [SGSC], University of Calgary, personal communication). Strain 
SGSC 1412 was grown to mid-log phase in LB broth. P22 (500 p i ) was added to -  4 ml 
of bacterial culture and the mixture was incubated at 37 °C for -30 min to preadsorb the 
phage. The bacterium-phage mixture (100 pi) was added to -4  ml of soft agar overlay,
16
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14028 smooth, wild-type ATCC*
BHKC1 ompC::Tni0 This study
103 ompCi.TnlO Negm et al. (60)
LT2 SGSC 1412 smooth, wild-type SGSC"
LT2 SH7241 ompC396::TnlO SGSC
UK-1 X3761 wild-type Meyer et al. (56)
UK-1 *8202 ompD159::TnlO Meyer et al. (56)
LT2 SH7782 ompD::Tn5 SGSC
BHKC2 ompD::Tn5 This study
a American Type Culture collection
b Salmonella Genetic Stock Center, University of Calgary, Canada
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mixed gently, and immediately poured onto the surface of LB agar plates equilibrated at 
room temperature. After the agar solidified, plates were incubated inverted at 37 °C for -  
8 h to allow plaques to form. Agar from the plaques was transferred into -20 ml 
prewarmed LB broth and the mixture was shaken at 37 °C for -30 min to break up the 
agar. The mixture was centrifuged at IS, 300 x g for 10 min to pellet the cells and the 
supemate, which contained the phage, was collected. About 100 pi of 100% chloroform 
was added to the lysate to kill any remaining cells. Phage titer was determined by 
preparing serial dilutions (10 s to 10'9) of the lysate and adding 100 |il samples from each 
dilution and 100 pi of overnight bacteria culture to soft agar overlay and plated as 
previously described. This cycle was repeated to obtain a high titer of -  1 x 10n PFU/ml.
Preparation of Transducing Phage Lvsate
5. Typhimurium LT2 strain SH7241 was used as a donor strain for preparing 
transducing lysates of ompC::Tnl0. P22 HT105-transducing lysates were prepared by 
growing overnight cultures of strains SH7241 in LB broth containing Tc. P22 (100 |il) 
was used to infect 5 ml of SH7241 donor strain to yield a multiplicity of infection of 0.01 
phage per bacterium. The low multiplicity is used to reduce the carryover of transducing 
particles containing DNA from the strain on which the lysate was produced (here, SGSC 
1412). The mixture was incubated with shaking at 37 °C for 6-8 h and the phage 
(tranduced particles) were prepared and titered as described above A titer of -1 x 109 
PFU/ml or higher was required to proceed with transduction. The ompD\:Tn5 tranducing 
lysate was prepared in a similar way with some changes. S. Typhimurium LT2 strain 
SH7782 was used as a donor strain for preparing transducing lysates of ompDv.TnS. P22
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HT 105-transducing lysates were prepared by growing overnight cultures of strains 
SH7782 in LB broth containing Km. P22 (100 pi) was used to infect 10 ml of SH7241 
donor strain to obtain the same multiplicity of infection of 0.01 phage per bacterium. The 
mixture was incubated for 37 °C for 18 h and the phage was prepared and titered as 
described above.
Generalised Transduction
The main steps in this generalized transduction procedure were as described by 
Provence and Curtiss m  (66) unless otherwise stated.
5. Typhimurium wild-type strain 14028 was used as a recipient strain for each 
transduction procedure. Strain 14028 was grown overnight. The overnight culture was 
diluted 1:10 into 9 ml prewarmed LB broth, and grown with aeration at 37 °C until mid­
log phase to obtain -  2 - 5 x 10® cells/ml. Recipient bacteria (900 pi) were added to two 
test tubes and placed at 37 °C. Transducing phage lysate from each donor strain was 
diluted so that addition of 100 pi of phage to recipient strain yielded a multiplicity of 
infection of 0.1 phage per bacterium. Phage was added to one tube only and the other 
tube was kept uninfected as a control. The tubes were incubated at 37 °C for -  2 h 
without agitation. The bacterium-phage mixture and the uninfected culture were diluted 
so that 100 pi aliquots of 10°, 10 ‘, 10'2 dilutions from each sample were plated. LB agar 
plates containing Tc and lOmM EGTA [ethylene glycol-bis(B-aminoethyl ether)-N,N,N\ 
N'-tetraacetic acid] were used to select ompC::Tnl0 transductants. LB agar plates with 
Km and EGTA were used to select ompD.lnS  transductants. No growth was expected
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from the control sample. Selected Tcr and Kmr colonies were streaked again on new sets 
of LB agar plates containing Tc or Km, incubated at 37 °C overnight and stored at 4 °C.
Screening Transductants for Lvsogenv
The Tcr and Kmr transductants were screened for lysogeny by using soft-agar 
containing wild-type strain LT2 SGSC 1412. Isolated single colonies from plates 
described above were cultured in LB broth containing the required antibiotics (Tc or 
Km). Aliquots (10 pi) from each culture were spot-inoculated on the soft-agar overlay 
plates and incubated overnight at 37 'C. Appearance of a halo around a transductant 
colony indicated lysis of the bacterial host (lysogeny) and the colony was discarded.
Lack of a halo indicated a good transductant (no lysogeny) (Robert Zsigray, University of 
New Hampshire, personal communication) and it was kept. Selected transductants were 
further characterized by Western blot analysis for OmpC or OmpD porin proteins.
Cell Fractionation
Bacterial cultures, 500 ml for each selected transductant, were grown at 37 °C for 
15 h with shaking and harvested by centrifugation (Beckman J2-MI centrifuge) at 15,300 
x g at 4 °C for 10 min. Bacterial cells were washed 2x in phosphate-buffered saline 
(PBS), centrifuged as above, and resuspended in 5 ml of 0.75M sucrose/lOmM Tris-HCl, 
pH 7.8. Lysozyme was added to a final concentration of 100 pg/ml and the mixture was 
incubated for 2-5 min on ice. Slowly, 2 volumes (-10 ml) of cold 5 mM EDTA/lOmM 
Tris-HCl, pH 8.0, were added and the suspension was stirred gently for 10 min on ice. 
Cells (spheroplasts) were lysed with a French pressure cell press (SLM-Aminco,
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Rochester, NY) 2x at 20,000 psi. Unbroken cells were removed by centrifugation as 
above and the supernatant fluid was collected. The crude extract was ultracentrifuged 
using a Beckman L8-70 ultracentrifuge (Beckman Instruments, Palo Alto, CA) at 
200,000 x g at 4 °C for 1.5 h to pellet outer and inner membranes. The pellet was 
resuspended in 5 ml of PBS with 0.5% sodium lauryl sarcosinate (sarkosyl) and 
ultracentrifuged again as above to precipitate the outer membrane fraction. This final 
pellet was resuspended in -  0.5-1 ml PBS and incubated at 4 °C for 12-24 h with 
occasional stirring to dissolve the pellet before storing at -20 °C for further analysis 
(56,71).
Protein and Membrane Analysis
Unless otherwise stated, all chemicals and equipment used in this section were obtained 
from Bio-Rad Laboratories (Hercules, CA).
Protein concentration in the outer membrane fractions was determined using 
bicinchoninic acid (BCA) Protein Assay (Pierce, Rockford, IL). Bovine serum albumin 
(Sigma) was used as a reference protein to generate a standard curve. Absorbance at 562 
nm were measured on a microtiter plate reader. Samples were boiled for 3 min in 
Laemmli sample buffer (42) after which 8 M urea solution was added (4) and this 
mixture was applied to Tris-glycine sodium dodecyl sulfate- polyacrylamide gel 
electrophoresis (SDS-PAGE) minigels. Resolving gels were 12%, contained 8 M urea 
(final concentration) and were loaded with 30-40 |ig/ml of protein per well. Prestained 
protein standards were used. Gels were run at a constant voltage of 60 V and the 
resolved proteins were transferred onto a 0.2 pm nitrocellulose membrane. An Immun-
21
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Blot horseradish peroxidase (HRP) assay kit was used to detect porin proteins on the 
membranes. Immun-Blot assay kits are enzyme immunoassay kits optimized for the 
detection of specific antigens at picogram levels,following electrophoretic blotting to a 
membrane. All steps were carried out at RT from this point on. Membranes were 
blocked with 3% gelatin in Tris buffered saline (TBS) for 1 h with gentle shaking and 
washed lx in TTBS (Tween-20 in TBS). Membranes were probed overnight with mouse 
anti-OmpC monoclonal antibody (CM 61.9) for ompC transductants or mouse anti-ompD 
monoclonal antibody (DM 2S.2) for ompD transductants (both kindly provided by Shiva 
Singh, formely of Alabama State University) (76). Unbound antibody was removed by 
washing 2x with TTBS for 5 min. A secondary antibody solution was made up of anti­
mouse IgG (H + L)-horseradish peroxidase. This solution was added to the membranes 
and the mixture was incubated for 2 h with gentle shaking. Membranes were washed 2x 
in TTBS; just prior to developing they were washed in TBS to remove Tween-20. HRP 
color development solution (with 4-chloro-l-naphthol as a substrate) was added to the 
membranes, followed by incubation for 10-15 min. Color development was stopped by 
washing membranes in water 2x for 10 min with gentle shaking. Purple-colored bands 
indicated presence of OmpC or OmpD. Tranductants that expressed reduced or no 
detectable OmpC or OmpD proteins were selected as mutants.
Growing and Labeling Bacteria with F1TC
Bacterial cultures were started by inoculating 400 ml LB broth with 400 fil of 
post-exponential inoculum and incubated anaerobically, without shaking, at 37 °C for 12 
h. Cells were harvested by centrifugation at 15,300 x g at 4 °C for 10 min, washed
22
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2-3x with PBS and resuspended in 5 ml of PBS. Fluorescein isothiocyanate (FTTC) was 
prepared as a 1.0 mg/ml solution in 10 ml NaHC03 at pH 9.0 and S ml was added to each 
bacterial solution. The mixture was incubated in the dark for 1 hr at 37 °C with gentle 
shaking. FITC-labeling was stopped by centrifugation as described above and unbound 
FTTC was removed by washing 3-4x with PBS. Labeled cells were resuspended in 5 ml 
Dulbecco's PBS (DPBS) and shaken at 37 °C to a smooth suspension. Serial dilutions of 
the cultures were prepared and 10"6, 10'7, 10"8 dilutions were plated in duplicate on LB 
plates and incubated overnight at 37 °C to determine CFU/ml. Cultures were stored at 4 
°C and used the following day.
Growing Eukarvotic Cells
Chemicals: Unless otherwise stated, all media and chemicals used in this section were 
obtained from Sigma Chemical Co., St. Louis, MO.
T84 (ATCC, CCL-248) intestinal epithelial cells were used between passages 60 
and 77. Cells were grown and maintained as confluent monolayers in tissue culture 
flasks in DMEM-F12 HAM’s medium. The medium was supplemented with L- 
glutamine, penicillin/streptomycin, non-essential amino acids and 5% heat-inactivated 
fetal bovine serum (FBS). Cells were incubated in a humidified incubator at 37 °C with 
5% C02. Cells were harvested by treating with 0.25% trypsin-EDTA prior to use.
U937 (ATCC, CRL-1593) (77) macrophage-like cells (passage numbers not 
available) were grown and maintained as suspension cells in tissue culture flasks in 
DMEM supplemented with L-glutamine, penicillin/streptomycin, non-essential amino 
acids, sodium pyruvate and 10% FBS. Cells were incubated in a humidified incubator at
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37 °C with 5% CO,. Prior to use, these cells were incubated overnight with lO"8 M PMA 
which causes the cells to become more macrophage-like and adherent to tissue culture 
plasticware (70). Adherent cells were dislodged by pipetting the cell suspension up and 
down or by slightly banging the tissue flask on a hard surface.
Murine peritoneal macrophages were elicited in 8-10 week-old Balb/c mice 
(Charles River Laboratory, MA). About 2.0 ml of aged, sterile thioglycollate broth 
(Difco) was injected intraperitoneally and the mice were sacrificed 4 days later by CO, 
inhalation (IACUC Permit # 990201, University of New Hampshire). Macrophages were 
collected by peritoneal lavage using 10 ml of cold DPBS with Ca:+ and Mg2+. The 
macrophages were washed 2x with cold DPBS by centrifugation at 400 x g for S min and 
resuspended in DMEM without supplements and serum. The macrophages were 
examined, counted under a microscope and used in microscopy-based adherence assay. 
PKH-labeled macrophages were used in flow cytometry-based adherence assay.
Labeling Host Cells with PKH26
After harvesting, T84 or U937 cells were centrifuged at 400 x g for 5 min at RT 
(Beckman TJ6-centrifuge), to remove old growth medium. Cells were washed once with 
fresh medium, counted and adjusted to 1 x 107 cells/ml. Cells (1 ml each) were 
transferred into into 8 x 15-ml conical polypropylene tubes. Cells were washed 2x in 
media without FBS or antibiotics and after the second wash the medium was removed, 
leaving -  25-50 |il of residual medium that was used to resuspend the pellet. Separate 8 
x 15-ml conical tubes were used to combine PKH26 stock dye and Diluent C (supplied 
with the dye) to have 0.5 ml/tube at a concentration of 30 pM of dye. Diluent C (0.5 ml)
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was added to each tube containing cells, with gentle mixing and immediately the entire 
cell suspension was added to the diluted dye (final staining concentration of IS (iM). The 
mixture was incubated for 3 min at RT with periodic gentle mixing. The reaction was 
stopped by adding 10 ml of 5% BSA in PBS. The mixture was centrifuged at 400 x g for 
5 min to pellet cells and these were resuspended in 1 ml of 5% BSA. Cells were pooled 
into one tube and centrifuged again at 400 x g for 5 min. The pellet was resuspended in 
~ 5-7 ml of DPBS and assessed for cell numbers and viability (Paul K. Wallace, 
Dartmouth Medical School, personal communication).
Flow Cvtometrv-Based Adherence Assay 
Sample preparation. FTTC-labeled wild-type and ompC or ompD mutant bacteria were 
statically co-incubated with host cells without serum opsonins in a 96-well plate at 37 °C 
for 1 hr. Host cells were infected with bacteria at multiplicity of infection (MOI) of 10, 
100,500, 1000 or bacteria-to-cell ratios (B:C ratio) of 10:1,100:1,500:1, and 1000:1. 
Samples for each ratio were prepared in triplicate. Control samples were made up of host 
cells infected with unlabeled bacteria at B:C ratios of 100:1 and 500:1. There were 12 
test samples each with wild-type bacteria and with mutant bacteria in each trial plus 
control samples. Non-adherent bacteria were removed by centrifuging and washing cells 
4x with 200 pi DPBS at 400 x g at RT. After the final wash, each sample was 
resuspended in 200 pi DPBS and transferred to a 5ml tube. Samples were fixed by 
adding 200 pi of 2% paraformaldehyde (1% final concentration) to each tube. Samples 
were stored in the dark at 4 °C and analyzed by flow cytometry within two days. A total 
of 13 trials were carried out that involved interaction of U937 cells with wild-type and
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ompC mutant bacteria. Seven of these trials involved PKH-labeled U937 cells and these 
were used in the study reported in this chapter. The other 6 trials involved unlabeled 
U937 cells and these were used in a study reported in chapter II that focused on the effect 
of PKH-labeling on adherence. Three trials were conducted with T84 cells using the 
same bacterial strains. Two trials were done with murine macrophages. Wild-type and 
ompD mutant strains were used in 3 trials with U937 cells and 3 trials with T84 cells.
Sample analysis. Samples were analyzed by a FACScan flow cytometer software 
(Becton Dickinson, Bedford, MA) using CellQuest 3.3 software (Becton Dickinson).
The instrument was set up to detect 10,000 cells (events) per sample. Thresholds were 
placed to exclude free bacteria and debris. To analyze eukaryotic cells in a sample, the 
machine was set in a linear mode to detect forward scatter (FSC) and side scatter (SSC) 
patterns. In single parameter analysis of cells, a gate was designed on each dot plot to 
include as many cells as possible but also exclude as many bacteria as possible. A 
histogram plot of cell counts vs. FL1 (green fluorescence) was generated from which 
mean fluorescence intensity (MFI) was quantified. In dual-color parameter analysis, dual 
fluorescence was analyzed by plotting FL1 vs. FL2 (red fluorescence). FL1 and FL2 
were measured with a logarithmic amplifier. A gate was made to include cells that had 
high red fluorescence (on FL2 scale). MFI values of green fluorescence from these cells 
was quantified from histogram plots of cell counts vs. FL1. MFI values were also 
obtained from control samples and these were subtracted from MFI values of test samples 
to exclude auto-fluorescence host cells.
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Calculating Adjustment Factor for FITC-Labeling. An adjustment factor (AF) was 
calculated and used as a correction factor to adjust MFI data of cells with adherent MT 
bacteria in each assay. This was done to correct for differential FITC-labeling that was 
observed in flow cytometric analysis of WT and MT bacteria. Diluted bacterial samples 
(~ 5 x 106 CFU/ml) were analyzed with the instrument set in a logarithmic mode for FSC 
and SSC analysis so that they could be "seen" on the same FSC vs. SSC dot plot as 
eukaryotic cells. This is because bacteria are much smaller in size compared to 
eukaryotic cells. In all trials dot plots of FSC vs. SSC of FTTC-labeled WT and MT 
bacterial samples were generated to quantify their green fluorescence (FL1). To calculate 
the AF, 4 to 5 small analysis gates (Rl, R2,. ..etc) were created on dot plots of FSC vs. 
SSC of diluted WT and MT bacteria and MFI values were obtained from each 
corresponding gate (Fig. 1). The MFI value from a gated population of WT bacteria was 
divided by MFI value of a corresponding gated population of MT bacteria to obtain the 
AF value (Table 2). An example of how the AF value was used to adjust the MFI data of 
samples with adherent ompC MT bacteria is given in Table 3. MFI values in column B 
can then be compared to MFI values in column D.
Table 2. Example of calculation of adjustment factor (AF) for mean fluorescence 
intensity (MFI) of FTTC-labeled wild-type (WT) and ompC mutant (MT) bacteria.
Gate MFI of WT MFI of MT Column 2/Column 3
Rl 8.74 12.17 0.72
R2 9.31 12.14 0.76
R3 10.17 15.10 0.67
R4 18.34 29.07 0.63
Adjustment Factor = 0.7
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10°  101 102  10' 
FL1-H
'IL' 11 mif 
10'
IvrrF ITCLABEL JAN 12.040
FL1-H
Rle: WTFITCLABEUAN12.039 Sample ID: WTFITCLABELJAN12
Patient ID: Acquisition Date: 12-Jan-01
Gate: G2 Gated Events: 1613
Total Events: 15053 X Parameter FL1-H (Log)
Marker Left, Right Events % Gated % Total Mean Geo Mean CV Median 
All 1, 9910 1613 100.00 10.72 9.31 7.09 70.08 7.50
Rle: MTFITCLABEUAN12.040 Sample ID: MTFITCLABEUAN12
Patient ID: Acquisition Date: 12-Jan-01
Gate: G2 Gated Events: 1373
Total Events: 15453 X Parameter FL1-H (Log)
Marker Left. Right Events % Gated % Total Mean Geo Mean CV Median 
All 1, 9910 1373 100.00 8.89 12.14 7.52 80.68 9.65
Fig. 1. Gating on FSC and SSC dot plots of FTTC-labeled wild-type and mutant bacteria. 
MFI values (circled) from corresponding gates (G1=R1, G2=R2,....) between the two 
bacterial strains are compared and used to calculate the adjustment factor (AF) in each 
assay. The AF is used to correct differential FITC-labeling in each assay.
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Table 3. Example of using an adjustment factor to adjust mean fluorescence intensity 
(MFI) of ompC mutant bacteria in a single assay.
A B C D
B:C
ratio
MFI of cells with 
WT bacteria
MFI of cells with 
ompC MT bacteria
ADJUSTED MFI of cells with 
ompC MT bacteria 
[Column C x AF (0.7)]
10:1 278.37 311.52 218.1
100:1 1106.9 1923.17 1346.2
500:1 2532.54 3767.37 2637.2
1000:1 2896.21 4307.39 3015.2
Estimating the number of bacteria bound per host cell. A single larger gate 
designated as the region of interest (ROI) was made on the dot plots of FSC vs. SSC of 
FTTC-labeled WT and MT bacteria (Fig.2). The region included bacteria that were not 
clumped (i.e., the gate was placed at the lower pan of the dot plot and not at the upper 
pan where clumped bacteria appear). The MFI of a sample (i.e., host cells with adherent 
bacteria) was divided by the MFI of bacteria in ROI to determine the estimated number 
of associated bacteria per eukaryotic cell. This method of estimating number of adherent 
bacteria per host cell was adapted from Logan et al. (48).
Fluorescence Microscopv-Based Adherence Assay
FTTC-labeled wild-type and ompC or ompD mutant bacteria were statically co­
incubated with unlabeled host cells in a 96-well plate at 37 °C for 1 hr. Bacteria were 
added to host cells at B:C ratio of 10:1 and 100:1. Each well received ~5 x  105 host cells.
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Sample ID: WTFITCLABEUAN12 
Acquisition Date: 12-Jan-01 
Gated Events: 6373 
X Parameter FL1-H (Log)
Marker Left, Right Events % Gated % Total Mean Geo Mean CV Median





Sample ID: MTFITCLABEUAN12 
Acquisition Date: 12-Jan-01 
Gated Events: 5990 
X Parameter FL1-H (Log)
Marker Left. Right Events % Gated % Total Mean Geo Mean CV Median
All 1, 9910 5990 100.00 38.76 10.56 5.65 95.10 8.06
Fig. 2. Gating region-of-interest (ROI) on dot plot of FSC vs. SSC of FTTC-label 
type and mutant bacteria. The ROI was positioned at the lower part of the dot pic 
sample free bacteria. The MFI of bacteria in ROI is equivalent to MFI of a bactet
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Samples of each ratio were prepared in triplicate so that there were a total of 6 samples 
each of wild-type and of mutant bacteria in a trial. Three trials were done for wild-type 
vs. ompC mutant for each cell line. Two trials were done for wild-type vs. ompD mutant 
for each cell line. After incubation non-adherent bacteria were removed by centrifuging 
and washing cells 4x with 200 pi DPBS at 400 x g at RT. After the final wash, each 
sample was resuspended in 100 pi DPBS and counted immediately. Each well was 
sampled at least 3x by taking out 10 pi and preparing a wet mount on a microscope slide. 
The number of bacteria attached to 100 host cells was determined for each well. Cells 
were counted under 1000X magnification using an Olympus BH2 fluorescence 
microscope equipped with a long-pass FITC filter (Olympus America Inc., Melville,
NY).
Murine macrophages were used in a binding assay similar to the above assay but 
with modifications. The bacteria were not labeled with FITC. After washing off non­
adherent bacteria, cells with adherent bacteria were fixed in methanol and stained with a 
standard hematological stain (Leukostat®). Mounted cells were examined and counted by 
regular light microscope at lOOOx magnification. The number of bacteria attached to 100 
macrophages were counted from each well.
Statistical Analysis
Data from flow cytometry-based adherence assay were obtained in two forms: (i) 
MFI of eukaryotic cells with bacteria, and (ii) calculated number of bacteria bound to 
each host cell. Data from fluorescence microscopy-based adherence assay were obtained 
in one form as number of bacteria associated with 100 host cells. Natural log
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transformation was performed on the data followed by statistical analysis using 
randomized complete block design analysis of variance (ANOVA). Logarithmic values 
of least squares means (LS means) from ANOVA were back-transformed to non- 
logarithmic LS means to create histogram plots. Further analysis was done by 
performing Tukey's pairwise matrix comparison test on LS means from ANOVA for the 
WT and corresponding MT strains at the various B:C ratios. Statistical analysis was done 
using Systat software, version 10,2000 (SPSS Inc., Chicago,.IL 60606-6307).
Outcomes of < 0.05 for both types of analysis (ANOVA and Tukey’s test) were 
considered significant.
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RESULTS
OmpC-specific Western Blot Analysis
A Western blot profile of envelope proteins of a single selected ompC 
transductant and control bacterial strains probed with anti-OmpC monoclonal antibody 
(CM 61.9) is shown in Fig. 3. No antibody reaction was observed for transductant 
BHKC1 and it was confirmed to be an ompCr.TnlO mutant.
OmpD-specific Western Blot Analysis
A Western blot profile of envelope proteins of four-selected ompD transductants 
and control strains was probed with anti-OmpD monoclonal antibody (DM 25.2). All 
ompD transductants including the donor strain LT2 SH7782 ompD::Tn5 showed weak 
but detectable reaction with the monoclonal antibody diluted to 1: 5000 (Fig.4). The 
mutants were categorized as "leaky mutants" (Robert Zsigray, University of New 
Hampshire) and the one that showed the weakest reaction, designated BHKC2, was used 
in adherence assays.
Flow Cvtometrv-Based Adherence Assay
Adherence of WT 14028 and corresponding ompC MT BHKC1 and ompD MT 
BHKC2 to U937, T84 cells, and murine macrophages was measured by flow cytometry 
to obtain MFI values. The MFI values from each triplicate at each ratio were averaged. 
The average MFI values of test samples with WT and ompC MT adhered to U937, T84,
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ompCv.TnlO (strain BHKC1)
Fig. 3. Western blot analysis of envelope proteins of strains ofS. serovar Typhimurium 
probed with anti-OmpC monoclonal antibody (CM61.9). The wells were loaded with -30 
pg/ml of envelope proteins Lane l:blank; Lane 2: prestained protein standards; Lane 3: 
wild-type strain 14028; Lane 4: ompC::lnlO LT2 SH 7241; Lane 5: ompC::TnlO 
BHKC1 (this study). Lane 6: ompDvJnlO UK-1 strain x8202; Lane 7: wild-type UK-1 
strain X3761; Lane 8: prestained proteins standards.
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ompDv.TnS (strain BHKC2)
Fig. 4. Western blot profile of envelope proteins of strains ofS. serovar Typhimurium 
probed with anii-ompD monoclonal antibody (DM 25.2) (1:5000). The wells were 
loaded with -40 (xg/ml of envelope proteins. Lane 1: prestained protein standards; Lane 
2: wild-type strain 14028; Lane 3: ompD::Tn5 LT2 SH7782; Lanes 4-7: ompD::Tn5 
transductants. [Transductant in lane 5: ompD::Tn5 strain BHKC2 was used in this study].
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and murine macrophage cells are shown in columns III & IV of Tables 4,5,6, 
respectively. Average MFI values of test samples with WT and ompD MT adhered to 
T84 cells are shown in columns m  & IV of Tables 7 and 8. Calculated AF values and 
adjusted MFI data for all three cell types with attached MT bacteria are shown in 
columns V and VI of the same tables. The MFI values of cells with adherent WT or MT 
bacteria were divided by MFI of bacteria alone to give an estimated number of bacteria 
bound per host cell. The estimated number of WT and ompC MT bacteria bound per 
U937, T84, and murine macrophage cell are shown in Tables 9, 10, 11, respectively. The 
estimated number of WT and ompD MT bacteria bound to U937 and T84 cells are shown 
in Tables 12 and 13, respectively.
Randomized complete block ANOVA was conducted on all data. The variables 
that were analyzed were: trials, genetics (WT vs. MT), and bacteria-to-cell ratio (B:C 
ratio). There was significant trial-to-trial variability exhibited by all trials that were 
analyzed based on MFI values and number of bacteria bound per host cell (except for 
murine macrophages). The B:C ratio was an important variable in the trials; that is, there 
was a significant difference in MFI or the number of bacteria bound per cell in the four 
different ratios that were used. Interaction of B:C ratio with genetics was also analyzed 
but the interaction did not show a significant difference in these trials and no further 
analysis was necessary. The effect of genetics (or mutation) was an important source of 
variation in these trials and ANOVA showed the following results:
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Table 4. Average MFI of wild-type and ompC::TnlO mutant bacteria adhered to U937
cells. [MFI was measured by flow cytometry]
I n m IV V VI
Assay # MOI MFIofWT MFI of MT AF Adjusted MFI of MT
4 10 57 22 1.5 33
100 443 124 186
1000 3317 1363 2045
5 10 279 312 0.4 125
100 1107 1924 770
500 2533 3767 1507
1000 2896 4307 1723
6 10 198 304 0.4 122
100 988 2059 824
500 2582 3424 1370
1000 3401 4035 1614
8 10 77 70 0.7 49
100 659 784 550
500 1385 1977 1384
1000 1754 2707 1895
9 10 18 22 0.86 19
100 114 199 171
500 323 644 554
1000 507 948 815
11 10 21 15 0.93 14
100 172 219 204
500 570 892 830
1000 934 1317 1225
13 10 18 13 2.15 27
100 192 147 315
500 689 571 1228
1000 1279 126 2710
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Table 5. Average MFI of wild-type and ompC:,TnlO mutant bacteria adhered to T84
cells. [MFI was measured by flow cytometry]
I n m IV V VI
Assay# MOI MFIofWT MFI of MT AF Adjusted MFI of MT
1 10 72 47 0.71 34
100 336 315 224
500 735 820 582
1000 1244 1134 805
2 10 16 15 0.86 13
100 177 215 185
500 457 770 662
1000 576 939 807
3 10 8 9 0.92 8
100 95 130 119
500 368 513 472
1000 635 1048 964
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Table 6. Average MFI of wild-type and ompCv.TnlO mutant bacteria adhered to murine
peritoneal macrophages. [MFI was measured by flow cytometry]
I n n i IV V VI
Assay # MOI MFI of WT MFI of MT AF Adjusted MFI of MT
1 10 7 7 2.15 16
100 42 31 67
500 186 135 290
1000 385 373 801
2 10 3 3 0.87 3
100 19 21 18
500 86 108 94
1000 156 225 195
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Table 7. Average MFI of wild-type and ompD::Tn5 mutant bacteria adhered to U937
cells. [MFI was measured by flow cytometry]
I n m TV V VI
Assay # MOI MFI of WT MFI of MT AF Adjusted MFI of MT
I 10 66 8 1.04 9
100 192 102 106
500 689 327 336
1000 1279 627 652
2 10 6 3 1.26 4
100 53 31 40
500 177 101 127
1000 282 159 199
3 10 22 18 0.97 18
100 218 227 220
500 600 696 675
1000 846 988 958
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Table 8. Average MFI of wild-type and ompD::Tn5 mutant bacteria adhered to T84 cells.
[MFI was measured by flow cytometry]
I n m IV V VI
Assay # MOI MFI of WT MFI of MT AF Adjusted MFI of MT
1 10 17 9 1.04 9
100 133 76 79
500 455 517 538
1000 934 584 607
2 10 4 2 1.26 3
100 34 22 27
500 112 67 85
1000 220 117 147
3 10 14 12 0.97 11
100 118 117 114
500 402 454 441
1000 656 700 679
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Table 9. Estimated average number of wild-type and ompCr.TnlO mutant bacteria bound
per U937 cell. [Estimated from MFI of cells with bacteria/ MFI of bacteria alone]
Assay # MOI No. of WT bacteria/cell No. of MT bacteria/cell
4 10 2 1
100 13 5
1000 99 53
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Table 10. Estimated average number of wild-type and ompC::TnlO bacteria bound per
T84 cell. [Estimated from MFI of cells with bacteria/MFI of bacteria alone]
Assay # MOI No. of WT bacteria/cell No. of MT bacteria/cell
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Table 11. Estimated average number of wild-type and ompC::TnlO bacteria bound per
murine peritoneal macrophage. [Estimated from MFI of cells with bacteria/MFI of
bacteria alone]
Assay # MOI No. of WT bacteria/cell No. of MT bacteria/cell
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Table 12. Estimated average number of wild-type and ompD::Ta5 mutant bacteria bound
per U937 cell. [Estimated from MFI of cells with bacteria/ MFI of bacteria alone]
Assay# MOI No. of WT bacteria/cell No. of MT bacteria/cell
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Table 13. Average average number of wild-type and ompD::Tn5 bacteria bound per TS4
cell. [Estimated from MFI of cells with bacteria/MFI of bacteria alone]
Assay# MOI No. of WT bacteria/cell No. of MT bacteria/cell
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There was no significant difference (P=0.593) in MFI of WT and ompC MT bacteria 
bound to U937 cells (Table 14). There was no significant difference (P=0.831) in MFI of 
WT and ompC MT bacteria bound to T84 cells (Table 15). There was a statistical 
significant difference (P=0.049) in MFI of WT and ompC MT bacteria bound to murine 
peritoneal macrophages. The binding was higher with the ompC MT bacteria (Table 16). 
This result was statistically on the borderline. There was a significant difference 
(P=0.0017) in MFI of WT and ompD MT bacteria bound to U937 cells (Table 17) with 
the WT binding higher that the MT. There was also a significant difference (P=0.003) in 
MFI of WT and ompD MT bacteria bound to T84 cells (Table 18). The MFI was higher 
in T84 cells bound with WT strain than with ompD MT at all B:C ratios except at 500:1 
when the MFI were about the same.
In order to compare binding of WT and MT bacteria to host cells at each B:C 
ratio, back-transformed least squares means (LS means) of MFI values for each system 
from above were plotted against B:C ratios and histograms were plotted (Figs. 5-9). The 
bar graphs show that MFI increased as the B:C ratio increased. Tukey's pairwise matrix 
comparison test was performed on least squares means (LS means) at each MOI for WT 
and WT strains. Outcomes from Tukey's analysis are represented by letters on top of 
each bar graph. Bars labeled with the same letter are not significantly different. Tukey's 
test showed that there was no significant difference in LS means of MFI of U937, T84 
and murine peritoneal macrophage cells with bound WT compared to those with bound 
ompC MT bacteria at each B:C ratio (Figs. 5-7). Furthers till, there was no difference in 
LS means at B:C ratio of 500:1 ratio and 1000:1 indicating that saturation was reached on 
or before the 500:1 ratio. A similar result was obtained on Tukey's test conducted on
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U937 and T84 cells with bound WT and ompD MT bacteria (Fig. 8-9) except that in Fig. 
9 the similarity in outcomes at ratios of 500:1 and 1000:1 only applied to the MT.
Randomized complete block ANOVA was also performed on number of bacteria 
bound per host cell that were derived from MFI values (Tables 19-23) and the results 
were similar to those described for MFI. There was no significant difference (P=0.999) in 
binding of WT and ompC MT bacteria to U937 cells (Tables 19). There was no 
significant difference (P=0.708) in binding of WT and ompC MT bacteria to T84 cells 
(Table 20). There was also no significant difference (P=0.052) in binding of WT and 
ompD MT bacteria to murine macrophages (Table 21). Binding of WT and ompD MT to 
U937 showed a significant difference (P=0.005) (Table 22) with the WT strain binding 
more than the ompD MT. Similarly, T84 cells showed a significant difference (P=0.007) 
with the WT binding more that the ompD MT in each case (Tables 23). Back- 
transformed LS means of number of bacteria bound per cell were plotted against B:C 
ratios to generate histograms (Figs. 10-14). Tukey's pairwise matrix comparison test was 
performed and the results were similar to those previously described for the MFI 
analyses.
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Table 14. Randomized complete block design ANOVA of Ln(MFI) values of wild-type
and ompC: :TnlO mutant bacteria bound to U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 19.250 6 3.208 7.992 0.000
B:C Ratio 111.572 3 37.191 92.643 0.000
Genetics (wt vs. mt) 0.117 1 0.117 0.290 0.593
Genetics*B:C ratio 0.994 3 0.331 0.825 0.488
Error 16.058 40 0.401
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Table 15. Randomized complete block design ANOVA of Ln(MFI) values of wild-type
and ompC::TnlO mutant bacteria bound to T84 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 3.309 2 1.52 9.733 0.002
B:C Ratio 52.604 3 17.535 112.306 0.000
Genetics (wt vs. mt) 0.007 1 0.007 0.047 0.831
Genetics*B:C ratio 0.201 3 0.067 0.429 0.736
Error 2.186 14 0.156
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Table 16. Randomized complete block design ANOVA of Ln(MFI) values of wild-type
and ompC::TnlO mutant bacteria bound to murine peritoneal macrophages.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 5.366 1 5.366 69.721 0.000
B:C Ratio 39.776 3 13.259 172.254 0.000
Genetics (wt vs. mt) 0.437 1 0.437 5.677 0.049
Genetics*B:C ratio 0.039 3 0.013 0.168 0.915
Error 0.539 7 0.077
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Table 17. Randomized complete block design ANOVA of Ln(MFI) values of wild-type
and ompD: :Tn5 mutant bacteria bound to U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 9.3549 2 4.6774 101.0814 0.0000
B:C Ratio 57.9181 3 19.3060 127.567 0.0000
Genetics (wt vs. mt) 0.6905 1 0.6905 14.9215 0.0017
Genetics*B:C ratio 0.0266 3 0.0089 0.1919 0.9002
Error 0.6478 14 0.0463
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Table 18. Randomized complete block design ANOVA of Ln(MFI) values of wild-type
and ompD::Tn5 mutant bacteria bound to T84 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 10.372 2 5.186 229.748 0.000
B:C Ratio 58.108 3 19.399 859.420 0.000
Genetics (wt vs. mt) 0.283 1 0.283 12.533 0.003
Genetics *B:C ratio 0.094 3 0.031 1.382 0.289
Error 0.316 14 0.023
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B acteria : U937 Cell
Fig.5. Flow cytometry assessment of adherence of S. enterica serovar 
Typhimurium wild-type 14028 and ompC::Tnl0 mutant BHKC1 strains 
to U937 macrophage cells at various bacteria:cell ratios. Histograms show 
mean fluorescence intensity (MFI) of U937 cells with adherent wild-type 
(solid bar) and ompC mutant (open bar) bacteria. ANOVA showed no 
significant difference (P=0.593) in MFI of wild-type and mutant bacteria 
bound to U937 cells (n=27). Error bars represent standard error bars on 
mean square error (MSE) from ANOVA. Bars labeled with the same letter 
are not significantly different based on Tukey's pairwise matrix comparison
test (a  = 0.05).
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10:1 100:1 500:1 1000:1
B ac te ria : T84 Cell
Fig.6. Flow cytometry assessment of adherence of S . enterica serovar 
Typhimurium wild-type 14028 and ompC::Tnl0 mutant BHKC1 strains 
to T84 intestinal epithelial cells at various bacteriaxell ratios. Histograms 
show mean fluorescence intensity (MFI) of T84 cells with adherent 
wild-type (solid bar) and ompC mutant (open bar) bacteria. ANOVA 
showed no significant difference (P=0.831) in MFI of wild-type and 
mutant bacteria bound to T84 cells (n=12). Error bars represent standard 
error bars on mean square error (MSE) from ANOVA. Bars labeled with 
the same letter are not significantly different based on Tukey's pairwise
matrix comparison test (a  = 0.0S).
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Fig.7. Flow cytometry assessment of adherence of 5. enterica serovar 
Typhimurium wild-type 14028 and ompC::Tnl0 mutant BHKC1 strains 
to murine peritoneal macrophages at various bacteriaxell ratios. Histograms 
show mean fluorescence intensity (MFI) of murine macrophages with adherent 
wild-type (solid bar) and ompC mutant (open bar) bacteria. ANOVA showed 
no significant difference (P=0.049) in MFI of wild-type and mutant bacteria bound 
to murine macrophages (n=8). Error bars represent standard error bars on mean 
square error (MSE) from ANOVA. Bars labeled with the same letter are not
significantly different based on Tukey’s pairwise matrix comparison test (a  M).05).
□  MT
10:1 100:1 500:1 1000:1
Bacteria : Murine M acrophage
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B a c te r ia : U937 Cell
Fig.8. Flow cytometry assessment of adherence of 5. enterica serovar 
Typhimurium wild-type 14028 and ompD::Tn5 mutant BHKC2 strains 
to U937 macrophage cells at various bacteria:cell ratios. Histograms show 
mean fluorescence intensity (MFI) of U937 cells with adherent wild-type 
(solid bar) and ompC mutant (open bar) bacteria. ANOVA showed significantly 
higher MFI of wild-type than mutant bacteria bound to T84 cells (P=0.0017) 
(n=12). Error bars represent standard error bars on mean squareerror (MSE) 
from ANOVA. Bars labeled with the same letter are not significantly different
based on Tukey's pairwise matrix comparison test (a  = 0.05).
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B acteria : T84 Cell
Fig.9. Flow cytometry assessment of adherence of S. enterica serovar 
Typhimurium wild-type 14028 and ompD::Tn5 mutant BHKC2 strains 
to T84 intestinal epithelial cells at various bacteria:cell ratios. Histograms 
show mean fluorescence intensity (MFI) of T84 cells with adherent 
wild-type (solid bar) and ompDmutant (open bar) bacteria. ANOVA 
showed significantly higher MFI of wild-type and mutant bacteria bound 
to T84 cells (P=0.003) (n=12). Error bars represent standard error bars on 
mean square error (MSE) from ANOVA. Bars labeled with the same letter 
are not significantly different based on Tukey's pairwise matrix comparison
test (a  = 0.05).
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Table 19. Randomized complete block design ANOVA of Ln(bacteria/cell) values of
wild-type and ompC::TnlO mutant bacteria bound to U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 68.324 6 11.387 72.467 0.000
B:C Ratio 102.471 3 34.157 217.371 0.000
Genetics (wt vs. mt) 0.000 1 0.000 0.000 0.999
Genetics*B:C ratio 0.319 3 0.106 0.676 0.572
Error 6.285 40 0.157
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Table 20. Randomized complete block design ANOVA of Ln(bacteria/cell) values of
wild-type and ompC::TnlO mutant bacteria bound to T84 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 13.512 2 6.756 43.219 0.000
B:C Ratio 52.602 3 17.534 112.165 0.000
Genetics (wt vs. mt) 0.023 1 0.023 0.146 0.708
Genetics*B:C ratio 0.201 3 0.067 0.428 0.736
Error 2.189 14 0.156
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Table 21. Randomized complete block design ANOVA of Ln(bacteria/cell) values of
wild-type and ompC::lnlO mutant bacteria bound to murine peritoneal macrophages.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 0.225 I 0.225 3.184 0.118
B:C Ratio 39.775 3 13.258 187.895 0.000
Genetics (wt vs. mt) 0.385 I 0.385 5.453 0.052
Genetics*B:C ratio 0.039 3 0.013 0.183 0.904
Error 0.494 7 0.071
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Table 22. Randomized complete block design ANOVA of Ln(bacteria/cell) values of
wild-type and ompD::Tn5 mutant bacteria bound to U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 4.136 2 2.068 20.105 0.000
B:C Ratio 54.425 3 18.142 176.372 0.000
Genetics (wt vs. mt) 1.154 1 1.154 11.219 0.005
Genetics*B:C ratio 0.147 3 0.049 0.477 0.703
Error 1.440 14 0.103
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Table 23. Randomized complete block design ANOVA of Ln(bacteria/cell) values of
wild-type and ompD::Tn5 mutant bacteria bound to T84 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 2.795 2 1.397 48.704 0.000
B:C Ratio 58.108 3 19.369 675.123 0.000
Genetics (wt vs. mt) 0.282 1 0.282 9.824 0.007
Genetics*B:C ratio 0.096 3 0.032 1.119 0.375
Error 0.402 14 0.029
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l □  MT
100:1 500:1 1000:1
B acteria : U937
Fig.10. Flow cytometry assessment of adherence of S. enterica serovar 
Typhimurium wild-type 14028 and ompC::Tnl0 mutant BHKC1 strains 
to U937 macrophage cells at various bacteria:cell ratios. Histograms show 
estimated number of bacteria bound per U937 cell with adherent wild-type 
(solid bar) and ompC mutant (open bar) bacteria. ANOVA showed no 
significant difference (P=0.999) in number of wild-type and mutant bacteria 
bound per cell (n=27). Error bars represent standard error bars on mean square 
error (MSE) from ANOVA. Bars labeled with the same letter are not significantly
different based on Tukey's pairwise matrix comparison test (a  = 0.05).
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B ac te ria : T84 Cell
F ig .l l .  Flow cytometry assessment of adherence of S. enterica serovar 
Typhimurium wild-type 14028 and ompCnTnJO mutant BHKC1 strains 
to T84 intestinal epithelial cells at various bacteriarcell ratios. Histograms 
show estimated number of bacteria bound per T84 cell with adherent wild-type 
(solid bar) and ompC mutant (open bar) bacteria. ANOVA showed no 
significant difference (P=0.708) in number of wild-type and mutant bacteria 
bound per cell (n=12). Error bars represent standard error bars on mean square 
error (MSE) from ANOVA. Bars labeled with the same letter are not significantly
different based on Tukey's pairwise matrix comparison test (a  = 0.05).
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Fig.12. Flow cytometry assessment of adherence of S. enterica serovar 
Typhimurium wild-type 14028 and ompC::Tnl0 mutant BHKC1 strains 
to murine peritoneal macrophages at various bacteria:cell ratios. Histograms 
show estimated number of bacteria bound per T84 cell with adherent wild-type 
(solid bar) and ompC mutant (open bar) bacteria. ANOVA showed no 
significant difference (P=0.052) in number of wild-type and mutant bacteria 
bound per cell (n=8). Error bars represent standard error bars on mean square 
error (MSE) from ANOVA. Bars labeled with the same letter are not significantly
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■  WT d
10:1 100:1 500:1 1000:1
B ac te r ia : U937 Cell
Fig. 13. Flow cytometry assessment of adherence of S. emerica serovar 
Typhimurium wild-type 14028 and ompD::Tn5 mutant BHKC2 strains 
to U937 macrophage cells at various bacteria:cell ratios. Histograms show 
estimated number of bacteria bound per U937 cell with adherent wild-type 
(solid bar) and ompC mutant (open bar) bacteria. ANOVA showed significantly 
higher number of wild-type bacteria bound per U937 cell (P=0.005) (n=12). 
Error bars represent standard error bars on mean square error (MSE) from 
ANOVA. Bars labeled with the same letter are not significantly different
based on Tukey's pairwise matrix comparison test (a  = 0.05).
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Fig.14. Flow cytometry assessment of adherence of S. enterica serovar 
Typhimurium wild-type 14028 and ompD::Tn5 mutant BHKC2 strains to 
T84 intestinal epithelial cells s at various bacteriaicell ratios. Histograms 
show estimated number of bacteria bound per T84 cell with adherent wild-type 
(solid bar) and ompC mutant (open bar) bacteria. ANOVA showed significantly 
higher number of wild-type bacteria bound per T84 cell (P=0.007) (n=12). 
Error bars represent standard error bars on mean square error (MSE) from 
ANOVA. Bars labeled with the same letter are not significantly different
based on Tukey's pairwise matrix comparison test (a  = 0.05).
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Fluorescence Microscopy-Based Adherence Assay
Adherence was assessed by counting numbers of WT or MT bacteria attached to 
100 host cells (Tables 24-28). Bacterial numbers were analyzed by performing natural 
log transformation followed by randomized complete block design ANOVA. The same 
variables that were analyzed in flow cytometry assays were also analyzed in these assays. 
All trials except for those trials that involved WT and ompC MT binding to U937 cells 
showed no trial-to-trial variability. All trials revealed that B:C ratio was a significant 
source of variation. Interaction of genetics (WT vs. MT) and B:C ratios showed no 
significant differences in all U937 and T84 assays.
Binding of WT and ompC MT bacteria to murine macrophages was initially 
assessed by direct light microscopy counts that showed equal numbers of WT and ompC 
MT bacteria that bound to these cells (Table 28) [ANOVA was not necessary on these 
data]. Randomized complete block ANOVA on data obtained from fluorescence 
microscopy assays revealed the following results: There was no significant difference 
(P=0.095) in attachment of WT and ompC MT bacteria to U937 cells (Table 29). 
Similarly, there was no significant difference (P=0.704) when T84 cells were used (Table 
30). Analysis of WT and ompD MT strains binding to U937 cells showed a significant 
difference (P=0.004) with the WT binding much more than the MT (Table 31). A similar 
result was obtained when T84 cells were used (P=0.013) (Table 32).
Histogram plots of back-transformed LS means of bacterial numbers vs. B:C 
ratios are shown in Figs. IS-18. Further analysis by Tukey's pairwise matrix comparison 
test was performed at each B:C ratio. Outcomes from Tukey's analysis are represented 
by letters on top of each bar graph. Bars labeled with the same letter are not significantly
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different. Tukey's test showed no significant difference between WT and ompC MT 
bacteria bound to U937 and T84 cells at each B:C ratio (Figs. 15-16). There was a 
significant difference between WT and ompD MT bacteria bound to U937 cells at B:C 
ratio of 10:1 with the WT binding more than the ompD MT but not at 100:1 ratio (Fig.
17). However, there was no significant difference between WT and ompD MT bacteria 
bound to T84 cells at B:C ratio of 10:1 but there was a difference at the ratio of 100:1 and 
the WT strain bound more than the ompD MT strain (Fig. 18).
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Table 24. Average number of wild-type and ompCr.TnlO mutant bacteria adhered to 100
U937 cells. [Assessed by fluorescence microscopy]
Assay # MOI WT MT
1 10 20.5 14.5
100 345.7 345.3
2 10 14.3 9.7
100 376.3 337.5
3 10 28.0 19.7
Table 25. Average number of wild-type and ompC::TnlO mutant bacteria adhered to 100 
T84 cells. [Assessed by fluorescence microscopy]
Assay # MOI WT MT
1 10 51 37
100 169 164
2 10 28.7 32.7
100 178.3 173.3
Table 26. Average number of wild-type and ompD::TnJ0 mutant bacteria adhered to 100 
U937 cells. [Assessed by fluorescence microscopy]
Assay# MOI WT MT
1 10 153.3 36
100 834.7 420.3
2 10 175.3 43
100 728.7 269
Table 27. Average number of wild-type and ompDv.TnlO mutant bacteria adhered to 100 
T84 cells. [Assessed by fluorescence microscopy]
Assay # MOI WT MT
1 10 46.7 32.7
100 370 113.7
2 10 n.a. 26
100 306.3 119
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Table 28. Average number of wild-type and ompC: :TnlO mutant bacteria adhered to 100
murine peritoneal macrophages. [Assessed by light microscopy]
Assay# MOI WT MT
1-A 100 388 353
1-B 100 369 404
Average number of 
bacteria bound 378.5 378.5
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Table 29. Randomized complete block design ANOVA of Ln(bacterial numbers) of
wild-type and ompC::TnlO mutant bacteria bound to U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 0.394 2 0.197 8.876 0.034
B:C Ratio 20.531 1 20.531 925.889 0.000
Genetics (wt vs. mt) 0.105 1 0.105 4.755 0.095
Genetics*B:C ratio 0.057 1 0.057 2.588 0.183
Error 0.089 4 0.022
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Table 30. Randomized complete block design ANOVA of Ln(bacterial numbers) of
wild-type and ompC::TnlO mutant bacteria bound to T84 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 0.044 1 0.044 0.988 0.394
B:C Ratio 4.779 1 4.779 107.93 0.002
Genetics (wt vs. mt) 0.008 1 0.008 0.175 0.704
Genetics*B:C ratio 0.002 1 0.002 0.049 0.839
Error 0.133 3 0.044
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Table 31. Randomized complete block design ANOVA of Ln(bacterial numbers) of
wild-type andompD::Tn5 mutant bacteria bound to U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 0.009 1 0.009 0.220 0.671
B:C Ratio 6.864 1 6.864 165.483 0.001
Genetics (wt vs. mt) 2.573 1 2.573 62.026 0.004
Genetics *B:C ratio 0.172 1 0.172 4.136 0.135
Error 0.124 3 0.041
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Table 32. Randomized complete block design ANOVA of Ln(bacterial numbers) of
wild-type and ompD::Tn5 mutant bacteria bound to T84 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 0.023 1 0.023 2.102 0.284
B:C Ratio 4.389 1 4.389 398.514 0.002
Genetics (wt vs. mt) 0.812 1 0.812 73.714 0.013
Genetics*B:C ratio 0.160 I 0.160 14.555 0.062
Error 0.022 2 0.011
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B acteria : U937 Ceil
Fig.15. Fluorescence microscopy assessment of adherence of S. enterica serovar 
Typhimurium wild-type 14028 and ompCr.TnlO mutant BHKC1 strains to U937 
macrophage cells at various bacteria:cell ratios. Histograms show number of 
wild-type bacteria (solid bar) and ompC::Tnl0 mutant bacteria (open bar) bound 
per 100 cells of U937 macrophages. ANOVA showed no significant difference in 
number of wild-type and mutant bacteria bound to U937 cells (P=0.095) (n=5). 
Error bars represent standard error bars on mean square error (MSE) from 
ANOVA. Bars labeled with the same letter are not significantly different based
on Tukey's pairwise matrix comparison test (a  = 0.05).
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B a c te r ia : T84 Cell
Fig. 16. Fluorescence microscopy assessment of adherence of 5. enterica serovar 
Typhimurium wild-type 14028 and ompC. JnlO  mutant BHKC1 strains to T84 
intestinal epithelial cells at various bacteria:cell ratios. Histograms show number 
of wild-type bacteria (solid bar) and ompC. JnlO  mutant bacteria (open bar) bound 
per 100 cells of T84 cells. ANOVA showed no significant difference in number of 
wild-type and mutant bacteria bound to U937 cells (P=0.704) (n=4). Error bars 
represent standard error bars on mean square error (MSE) from ANOVA. Bars 
labeled with the same letter are not significantly different based on Tukey's pairwise
matrix comparison test (a = 0.05).
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Bacteria : U937 Cell
Fig.17. Fluorescence microscopy assessment of adherence of S. emerica serovar 
Typhimurium wild-type 14028 and ompD::Tn5 mutant BHKC2 strains to U937 
macrophage cells at various bacteria:cell ratios. Histograms show number of 
wild-type bacteria (solid bar) and ompD. Jn5  mutant bacteria (open bar) bound per 
100 cells of U937 macrophages. ANOVA showed significantly more wild-type 
bacteria bound to U937 cells (P=0.004) (n=4). Error bars represent standard error 
bars on mean square error (MSE) from ANOVA. Bars labeled with the same letter 
are not significantly different based on Tukey's pairwise matrix comparison test
(a  = 0.05).
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Bacteria : T84 Cell
Fig.18. Fluorescence microscopy assessment of adherence of S. enterica serovar 
Typhimurium wild-type 14028 and ompD::Tn5 mutant BHKC2 strains to T84 
intestinal epithelial cells at various bacteria:cell ratios. Histograms show number of 
wild-type bacteria (solid bar) and ompDv.TnS mutant bacteria (open bar) bound per 
100 cells of U937 macrophages. ANOVA showed significantly more wild-type 
bacteria bound to U937 cells (P=0.013){n=3 (WT), 4 (MT)}. Error bars represent 
standard error bars on mean square error (MSE) from ANOVA. Bars labeled with 
the same letter are not significantly different based on Tukey's pairwise matrix
comparison test (a  = 0.05).
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DISCUSSION
The aim of this study was to determine if OmpC and OmpD porin proteins of 
serovar Typhimurium are involved in adherence to human intestinal epithelial cells and 
human macrophages. Adherence was assessed using flow cytometry and fluorescence 
microscopy. Both methods revealed significant trial-to-trial variability. Possible 
explanations for the observed variability in flow cytometry include the fact that MFI 
values that are obtained in one trial cannot be numerically compared to MFI values 
obtained in another trial. Fluorescent intensity values can only be compared within trials. 
How the cells label with a particular fluorophore each time can also contribute to the 
variation in fluorescence intensity.
In this investigation labeling of WT and MT bacteria with FTTC was carried out at 
the same time and under the same laboratory conditions so that FTTC-labeling within a 
trial could be compared. But when the bacteria were analyzed for fluorescence by flow 
cytometry the MFI values varied from strain to strain as well as from trial to trial. Most 
of the time the MT bacteria showed a higher MFI compared to WT bacteria. A method 
for analyzing and comparing FTTC-labeling of two bacterial strains involved in a trial 
was established. Bacterial samples were analyzed for their green fluorescence by 
creating a few gates on the dot plots of FSC vs. SSC and dividing MFI value of one strain 
with the MFI of the another in a particular gate to obtain an adjustment factor. It was 
important to adjust the MFI of the bacteria with each other so that the MFI values
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obtained from host cells with adherent WT and MT bacteria could be compared with each 
other in each trial.
A second type of calculation was adapted from Logan et al. (48) that allowed the 
number of bacteria bound to a host cell to be estimated. While flow cytometry has the 
major advantage of analyzing large number of cells in a short time, it has its limitations. 
Although there was an effort to use the same instrument settings from trial to trial to 
minimize variability due to instrumentation, sometimes these settings had to be adjusted 
for better sample analysis. Randomized complete block design ANOVA was specifically 
chosen to analyze these data. The analysis accounts for various sources of variation that 
can be identified such as trial-to-trial variability. Tukey's pairwise matrix comparison 
test was used to determine significant differences, if any, between the WT and 
corresponding MT at each B:C ratio. There were cases where Tukey's test showed 
contradictory outcomes from those of ANOVA. It is important to note that Tukey's test 
was done on the same raw data as was used for the ANOVA. Tukey's test is particularly 
useful in cases where a significant difference is found by ANOVA but because Tukey's 
test is a conservative test compared to ANOVA, it may not show significant differences 
that may be shown by ANOVA. Therefore, it is possible to get the apparent 
contradictory findings shown in some results reported in the present study. Tukey's test 
gave specific information on various pairwise comparisons of MOIs and results from it 
do not invalidate results from ANOVA. ANOVA like any other F-test takes into account 
all the differences (may be small differences at each MOI) and gives an overall outcome 
(Chris Neefus, University of New Hampshire, personal communication).
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Flow cytometric analysis is subjective when it comes to designing and using 
analysis gates. A dot plot of a sample is generated from the FSC and SSC patterns of 
cells that went through the analysis point in the flow cytometer. From this plot an 
analysis gate is designed and drawn to include as many cells as possible that can be 
analyzed for their fluorescence intensity but also exclude as many bacteria as possible. 
The process of designing a gate is subjective. Thus, the shape, size and position of the 
gate determines the number of cells or "events” that are included in the gate and hence 
determines the amount or level of fluorescence intensity that will be obtained. MFI 
values of cells in a gate were determined using a histogram plot of cell counts vs. FL1 
(for green fluorescence). Trial -to-trial variation in fluorescence microscopy was most 
likely due to the inherent subjective nature of the method. In this method adherence is 
assessed by visual microscopic examination by an individual. Being consistent in how 
the counts are conducted is important in this method.
Natural log transformation was performed on data obtained by both methods to 
correct the unequal variances that were observed in the trials. Trial-to-trial variability 
was accounted for by plotting least square means (LS means) from the ANOVA. In 
addition, the randomized complete block design ANOVA allowed trials to be analyzed 
their blocks so that sources of variances could be analyzed individually and not lumped 
together.
Results from flow cytometry showed that there was no significant difference in 
adherence of WT and ompC MT strains to U937 macrophage cells and T84 intestinal 
epithelial cells. The ompC MT adhered to these host cells as well as the WT strain. It 
was observed that MFI values from later assays (Table 4, assays 9, 11, 13) and
83
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
consequently the estimated number of bacteria bound per host cell (Table 9, assays 9,11, 
13) were lower compared to earlier assays. There are two possible reasons for this 
observation. First, there was a change in the bacterial quantification procedure. Colony- 
forming units (CFU/ml) of bacteria were determined after FTTC-labeling and not before 
labeling as was done in the earlier assays. The approximate number of CFU/ml was 
likely to be relatively lower after bacterial labeling than before labeling. This meant 
there were relatively fewer bacteria added to the host cells and this yielded relatively 
lower MFI values. Secondly, the later assays involved host cells that were labeled with 
PKH26 dye that allowed dual fluorescence analysis to be conducted, which was more 
precise than single fluorescence analysis. MFI values in single fluorescence analysis 
were likely to be higher than MFI values obtained from dual fluorescence analysis 
because in the former case some free bacteria may have been included in the analysis 
gate, [see Chapter II for comparison of single and dual fluorescence analysis].
Murine macrophages were incorporated in the present study to compare the 
binding of WT and ompC MT to these cells. Although there was a statisticaly significant 
difference (P= 0.049), it was borderline. Statistical analysis of the number of bacteria 
bound per host cell yielded no significant difference, again at borderline level (P=0.052). 
These results suggest that there was no difference in binding of WT and ompC mutant 
bacteria to these murine macrophages.
Results from fluorescence microscopy-based investigation on adherence of WT 
and ompC MT bacteria to U937 cells (Table 29 & Fig. 15) and T84 cells (Table 30 & Fig. 
16) showed no significant difference between WT and ompC MT strains. These findings 
correlated with those from flow cytometry described above.
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Flow cytometry results on attachment of WT and ompD MT to host cells showed 
that there was a significant difference in adherence of ompD mutant and the WT bacteria 
to U937 cells (Table 17 & Fig. 8). The WT strain showed higher binding than the mutant 
strain. The same result was obtained from number of bacteria bound per host cell (Table 
22 & Fig. 13). Binding of these two strains to T84 cells yielded a small but statistically 
significant difference between WT and ompD MT by both analysis of MFI data (Tables
18) and number of bacteria bound per cell (Tables 23). The WT strain showed higher 
binding than the MT strain at all B:C ratios except at 500:1 where they were the same 
(Fig. 9 &14). However, Tukey's test showed no significant difference between WT and 
MT strains at each ratio. Possibly, the small differences at ratios such as 100:1,1000:1 
accumulated to give the statistical difference shown by ANOVA.
Results from fluorescence microscopy-based investigation on adherence of WT 
and ompD MT bacteria to U937 cells showed a significant difference in binding by the 
two strains to U937 cells with WT binding more than MT strain (Table 31). Tukey’s test 
showed higher binding of WT at the 10:1 ratio but not at the 100:1 ratio (Fig. 17). These 
results correlate with those obtained by flow cytometry. Binding of WT and ompD MT 
bacteria to T84 cells showed a significant difference with WT binding more than the MT 
strain (Table 32); Tukey’s test showed no difference between WT and MT at 10:1 ratio 
and a difference at 100:1 (Fig. 18). Again, these results correlate with those from flow 
cytometry. These results from fluorescence microscopy seem to indicate an 
inconsistesuggests a pattern of binding of ompD MT bacteria that depends on the B:C 
ratio used and type of host cell used. This observation requires further verification.
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Results on the ompC MT obtained in this study differ from those reported by 
Negm et al. (60) in which OmpC was found to mediate adherence to murine peritoneal 
macrophages. In the present study there was no difference in adherence of WT and 
ompC MT to these murine macrophages. These findings indicated that species difference 
(human cells vs. murine cells) is not a reason for the observed differences between this 
study and that of Negm et al. (60). The difference is also unlikely to be due to the nature 
of the mutation, tested because the particular ompC::'TnlO insertion, donor and recipient 
strains used in these two studies were the same. Furthermore, the specific ompC MT 
strain 103 used in the fluorescence microscopy assays in this study was the same one that 
was constructed and used by Negm et al. (60). This rules out a possible explanation that 
the ompC MT strain 103 could have acquired an additional mutation during construction 
which could have caused a decrease in virulence and hence a five-fold decrease in 
adherence (56). Therefore, the most likely explanation for this difference is the 
differences in the methods that were used in these two studies and how these methods 
were used to assess adherence. Negm et al. (60) used a radioisotope-based adherence 
assay. The method used only one B:C ratio of 100:1. In the present study flow 
cytometry was used to assess adherence at ratios of 10:1,100:1, 500:1 and 1000:1, and a 
fluorescence microscopy-based assay was used at ratios of 10:1 and 100:1. A wide range 
of bacteria-to-cell ratios employed in this study allowed more quantification and 
comparison of adherence between the WT and MT strains. Negm et al. measured 
adherence in triplicate and the experiments were repeated at least twice. In the present 
study assays were also done in triplicate and flow cytometry-based adherence results 
using human cells were obtained from seven trials; fluorescence microscopy adherence
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assays were repeated three times. Adherence of ompC MT to murine macrophages was 
done three times. Certainly, the several repeats conducted in this study allowed extensive 
quantitative and qualitative assessment of adherence.
Flow cytometry assessment of adherence of ompD MT compared to WT strain to 
U937 cells and T84 cells showed a small but statistically significant difference with the 
mutant binding less than the wild-type. Fluorescence microscopy assessment showed the 
same result. These results differ from those reported by Meyer et al. (56). They found 
no significant difference in adherence of ompD MT and WT bacteria to human 
embryonic intestinal 407 epithelial cells. It is worth noting that Dorman et al. (19) 
reported a slight but consistent reduction in virulence due to an ompD mutation and no 
effect due to ompC mutation. Although the present study focused on adherence to host 
cells and not virulence, the correlation with virulence results reported by Dorman et al. 
(19) is intriguing. The ompC mutation did not affect the adherence of serovar 
Typhimurium to U937 macrophages and T84 intestinal epithelial cells just as it did not 
afreet the virulence of the same bacteria when the ompC MT and WT strains were 
introduced in mice. The ompD mutation affected the adherence of serovar Typhimurium 
to U937 macrophages and T84 intestinal epithelial cells just as it did affect the virulence 
of the same bacteria when the ompD MT and WT strains were introduced in mice.
In situ porins are tightly associated with LPS; their tertiary structure and some of 
the biological activity are likely to be dependent on this association (43). The association 
of porins and LPS could be a major factor that determines the level of adherence of these 
bacteria to host cells. It is possible that the effects of a single porin mutation could be 
masked or obscured by LPS when whole organisms are used in situ or in vitro. Live,
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whole organisms were used in this study. OmpA, a major outer membrane protein in 
Proteus mirabilis was shown to modulate the biologic activities of LPS, particularly its 
interaction with macrophages (39). The LPS of salmonellae have been extensively 
studied and are known to be involved in adherence of serovar Typhimurium to murine 
peritoneal macrophages (2). Recently LPS of S. serovar Enteriditis was implicated as a 
virulence factor of this organism. A virulent strain of serovar Enteriditis produced an S. 
Typhi-like LPS (68). In vitro adherence studies involving LPS and specific porin 
species, or a combination of both, could provide a better understanding of the impact of 
this association on bacterial binding to host cells.
Numerous serovar Typhimurium genes have been identified that are involved in 
the initial step of bacterial-host interaction—the adherence to and invasion of intestinal 
epithelial cells. It has been shown that specific environmental conditions act as signals to 
induce the expression of these virulence genes (44). It has also been shown that the 
expression of certain porin genes is environmentally regulated (65,67) but what regulates 
the expression of ompD is not yet known.
The effect of environmental conditions on adherence of Salmonella serovars 
including Typhimurium to host cells has been reported (45,80,83). These conditions 
include medium osmolarity, pH, oxygen tension, growth phase, and temperature. 
Multiplicity of infection (MOI) has specifically been listed under conditions that affect 
adherence and entry of salmonellae into intestinal epithelial cells (33,83). In the present 
study flow cytometry assays revealed that MOI of 500 and 1000 showed similar 
adherence results indicating saturation level at MOI of 500. Bacteria were grown under 
conditions that have been reported to be optimal for adherence of serovar Typhimurium,
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namely non-agitated, anaerobic growth at 37 °C to late log phase (45). These conditions, 
accompanied by growth of bacteria in rich LB broth with relatively high sodium chloride 
content, suppressed the expression of ompF in the wild-type and mutant strains so that its 
effects on adherence were minimized or eliminated (Christos Stathopoulos, Washington 
University, St. Louis, MO, personal communication).
A different environmental factor that may have had an effect on adherence of 
bacteria to T84 intestinal epithelial cells is trypsin. T84 cells were harvested by treating 
with 0.25% trypsin-EDTA prior to use. These cells grow to confluence as monolayers 
and exhibit tight junctions and desmosomes between tight adjacent cells. These cells 
needed to be harvested into single cell suspension to be used in adherence assays. It was 
not possible to harvest T84 cells into single cells with non-enzymatic cell dissociating 
solutions. It is possible that enzymatic cell dissociating solutions that contain enzymes 
such as trypsin may have damaged or altered some cell surface structures like porins and 
thus affect the adherence of bacteria to the cells. U937 cells were not affected because 
they did not need any dissociating solution to harvest them.
Western blot analysis showed that the BHKC1 ompC mutant did not produce any 
detectable amounts of OmpC protein while the BHKC2 ompD mutant did show 
expression of low but detectable amounts of OmpD protein. It is possible that the 
amounts of OmpD that were observed on the nitrocellulose membrane were due to cross­
reactivity of anti-ompD monoclonal antibody with other porin epitopes on the bacterial 
surface, for example, OmpC. There is a close structural relatedness of OmpC and OmpD 
proteins (63). It is also possible that the ompD mutant did express some detectable 
amounts of OmpD as a "leaky mutant”. There is no literature evidence describing the
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possibility of generating leaky mutants when P22-mediated transposon mutagenesis is 
used. If BHKC2 is a leaky mutant, that characteristic may also explain the inconsistent 
pattern of binding that was observed in this study. The BHKC1 ompC mutant was not 
leaky and the results on its binding to host cells was consistent.
The results obtained in this study suggest that OmpD, at least, is one of a number 
of bacterial surface structures that are involved in the adhesion process. There is 
speculation that when a porin is eliminated by mutation, another may function in its 
place—  providing a "backup system" (56). Based on results from this study and others, 
mutations in single porin genes do not give striking phenotypic effects compared to 
mutations in regulatory genes like ompR or double mutations like ompC ompF (17). 
Adherence and invasion studies have not been conducted with ompR mutants, ompF 
mutants nor with ompC ompF double mutants. Creating an ompC ompD double mutation 
would probably give striking effects in adherence studies and render the serovar 
Typhimurium avirulent. An ompC ompD double mutation has not yet been reported in 
literature.
Conclusions
A mutation in the ompC gene of 5. serovar Typhimurium did not affect the 
binding of this bacterium to human macrophage U937 cells and T84 intestinal epithelial 
cells as assessed by both flow cytometry and fluorescence microscopy. Binding of the 
WT and ompC MT strains to murine peritoneal macrophages showed no significant 
difference in adherence of WT and ompC MT bacteria to murine macrophages as 
assessed by flow cytometry and direct light microscopy counts.
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A mutation in the ompD gene of S. serovar Typhimurium affected the binding of 
of the ompD mutant to U937 cells and T84 intestinal epithelial cells as assessed by both 
flow cytometry and fluorescence microscopy. Binding of the mutant to the human host 
cells was lower than that of the wild-type. Binding of these two strains to T84 cells 
yielded a small but statistically significant difference. In contrast, fluorescence 
microscopy revealed significantly higher binding of WT strain compared to ompD MT to 
U937 cells at B:C ratio of 10:1 but not at 100:1. There was also significantly higher 
binding of WT strain compared to ompD MT toT84 cells at B:C ratio of 100:1 not 10:1.
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CHAPTER H
A DUAL FLUORESCENCE FLOW CYTOMETRIC ANALYSIS OF ADHERENCE 
OF SALMONELLA ENTERICA SEROVAR TYPHIMURIUM TO HOST CELLS
Introduction
Bacterial adherence to host cells has been studied using techniques that include 
various types of microscopy, radioisotope labeling and flow cytometry. Immuno- 
fluorescent staining of bacteria followed by microscopic observation of samples is a well- 
established method but it is tedious and time-consuming, which limits its use in large- 
scale studies. Although immunofluorescent labeling is used extensively to identify 
attached and/or intracellular bacteria, the approach may alter the viability or ligand 
properties of bacteria that are labeled before exposure to eukaryotic cells (69). In 
addition, fluorescent-antibody binding is dependent on the availability of epitopes and the 
stability of the antigen-antibody reaction, and the binding characteristics of primary and 
secondary antibodies (48,69). In addition, primary antibody binding may differ with the 
number or clumping of adherent bacteria.
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Flow cytometry has provided a powerful tool for analyzing bacteria-host cell 
interactions. A major advantage is that large numbers of cells can be analyzed in a short 
time. However, use of immunofluorescent labels analyzed by flow cytometry still pose 
the same limitations described above. Adhesion studies involving bacteria of more than 
one serotype can be difficult with use of immunofluorescent labels (79). Fluorophores 
which do not affect the viability of the bacteria or host cells can be particularly useful in 
studies that need to eliminate the use of fluorescent antibodies. Lipophilic dyes PKH-2 
and PKH-26 have been routinely used to label mammalian cell membranes in cell 
tracking studies. The dyes are stable, nontoxic, and do not affect the functional 
characteristics of the cells (32, 34). In studies of bacteria-host cell interactions, PKH-2 
has been used to label bacteria that have been used to infect host cells. Flow cytometry 
was used to analyze adhesion of PKH-2-labeled Vibrio cholerae to intestinal 407 cells 
(8). In another study Listeria monocytogenes and 5. serovar Typhimurium were labeled 
with PKH-2 dye and flow cytometry was used to investigate phagocytosis by J774A. 1 
macrophages (69).
Current protocols use fluorochrome-conjugated antibodies or single fluorescent 
labels. Logan et al. (48) used a single fluorescent label and described a method to 
calculate the number of bacteria bound to each host cell. In this protocol the fluorescence 
intensity of cells with adherent bacteria was divided by estimated fluorescence intensity 
of a single bacterium. The standard procedure for analyzing samples with single 
fluorescent label involves constructing an analyis gate on the forward (FSC) and side 
(SSC) scatter plot. All cells within that gate are analyzed for their fluorescence of the 
particular label. Analysis of adherence using this technique poses the following
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disadvantages: there is subjectivity constructing the analysis gates; a gate may include 
unwanted free bacteria that get analyzed along with host cells that have adherent bacteria; 
a particular gate may not work well for samples prepared with varying bacteria-to-cell 
ratios.
This study describes a new flow cytometric method for assessing bacterial 
adherence to host cells that is based on direct, dual fluorescent labeling of both bacteria 
and host cells. Eukaryotic host cells are labeled with PKH-26, a red fluorescent dye and 
bacteria are labeled with F1TC, a green fluorescent dye. The red host cells are analyzed 
and their MFI is determined from their histogram plots of cell counts vs. FL1 (green 
fluorescence). Autofluorescence of these cells is subtracted off by using MFI values 
obtained from control samples (labeled host cells with unlabeled bacteria). The final MFI 
values represent fluorescence of host cells with adherent bacteria. This method of 
analysis of adherence involving dual labeling confers specificity and precise assessment 
of bacterial adherence. In addition, the method overcomes the need for fluorescent 
antibodies.
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MATERIALS AND METHODS
Bacteria. Wild-type strain 14028 and ompC::TnlO strain BHKC1 were used.
Host cells. Adherence was assessed on U937 and T84 cells.
Determining the effect of  PKH-26 dve on adherence
Lack of effect of PKH26 dye on viability of cells is well documented in literature 
but its effect on adherence of bacteria to labeled host cells has not been studied. The 
effect of PKH26 dye on adherence of bacteria to host cells was investigated in this study. 
Each bacterial strain (WT and MT) was individually analyzed for its adherence to 
PKH26-labeled U937 cells (see chapter I) and unlabeled U937 cells (reported in this 
chapter) based on MFI and estimated number of bacteria bound per cell. Adherence was 
assessed from 6 trials with unlabeled U937 cells and 7 trials with PKH26-labeled U937 
cells by employing the flow cytometry-based adherence assay as previously described in 
chapter I.
Single and Dual Fluorescence Analysis
Single-color and dual-color fluorescence analyses were compared from 7 trials 
involving PKH-labeled U937 cells and 5 trials involving PKH-labeled T84 cells. Trials 
involving the WT strain only were used in the analysis. First, the instrument was set in a 
linear mode to detect eukaryotic cells by plotting FSC vs. SSC. A gate was designed on 
this dot plot that would allow analysis of as many eukaryotic cells as possible (Fig. 19,
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top panels). PKH-labeled red fluorescent cells were gated on FL1 vs. FL2 plot for 
analysis of their red fluorescence (Fig. 19, bottom panels). Dot plot of FSC vs. SSC of 
green fluorescence bacteria was generated under the same instrument settings as 
eukaryotic host cells so that the scatter pattern of the bacteria could be determined with 
respect to a designed analysis gate (Fig. 20, top panel). In single-color analysis the 
analysis gate is positioned to include as many host cells as possible but exclude bacteria. 
Similarly, bacteria were analyzed by gating FL1 vs. FL2 under the same instrument 
settings as host cells and then setting the FL2 gate to exclude bacteria (Fig. 20, bottom 
panel).
In single-color analysis dot plots of FSC vs. SSC plots were generated from dual­
labeled samples and a gate was made from which a population of eukaryotic cells was 
analyzed for their green fluorescence (FL1). Histograms were generated that showed cell 
counts vs. green (FL1) fluorescence from which statistical data were obtained that 
showed (i) number and percentage of gated cells and (ii) their MFI. Secondly, FL1 vs. 
FL2 plots were generated from the same dual-labeled samples to analyze all red cells that 
fluoresced green. To obtain percentage of gated eukaryotic cells, the number of gated 
events was divided by the number of total events and multiplied by 100. Corresponding 
MFI values were obtained from the histograms of counts vs. FL1 that were generated. 
Data generated from both types of analysis (single and dual) were directly compared.
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UNL ABU937 JUN27.043UNL ABU937 JUN27.043
SSC-H FL1-H
U937 PKHJUN27.039 o  U937PKHJUN27.039
Fig. 19. Top: Dot-plot of forward (FSC) and side (SSC) scatter of host cells (U937) 
and green fluorescence (FL1) histogram. Bottom: Dot plot of FL1 vs. FL2 of PKH- 
labeled U937 cells and red fluorescence (FL2) histogram plot. Gate (Rl) has red 
fluorescent host cells.
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FL1-H
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excluded from gate (Rl)
Fig. 20. Top: Dot-plot of forward (FSC) and side (SSC) scatter of green fluorescent 
bacteria analyzed under the same instrument settings as host cells. The gate (R2) was 
drawn to include as many host cells as possible but exclude bacteria.
Bottom: Dot plot of FL1 and FL2 of green fluorescent bacteria analyzed under the same 
instrument settings as host cells.
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Statistical Analysis
Effect of PKH-26 dye on adherence. Randomized complete block design ANOVA 
with natural log transformation was used to analyze the data obtained on the PKH- 
labeling study.
Single and Dual Fluorescence. Randomized complete block design ANOVA 
without incorporating natural log transformation was used to analyze data generated in 
single and dual fluorescence. Natural log transformation was not necessary because the 
data on percentages of gated cells showed relatively equal variance among the trials.
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RESULTS
Adherence to unlabeled and PKH-labeled U937 cells
Adherence of WT 14028 and corresponding ompC MT to unlabeled U937 cells 
was measured by flow cytometry and average MFI values including the adjusted values 
for the MT bacteria are shown in Table 33 (see Table 4 of chapter I to compare with data 
on PKH-labeled U937 cells). Estimated number of WT and ompC MT bacteria bound 
per U937 cell are shown in Table 34 (see Table 9 of chapter I to compare). The sources 
of variation that were analyzed in ANOVA were dye, B:C ratio. The interation of the 
two variables was analyzed since B:C ratio was a significant source of variation in the 
trials but their interaction yielded non-significant outcome (Tables 35-38).
Wild-type and ompC mutant bacteria were analyzed for their adherence to 
unlabeled and PKH-labeled U937 cells. Analysis by ANOVA of MFI and bacteria bound 
per cell revealed that there was no significant difference in adherence of WT strain to 
unlabeled and PKH-labeled U937 cells (Tables 35-36, Figs. 21-22). The same outcome 
was obtained when the ompC MT strain was analyzed for its adherence to unlabeled and 
PKH-labeled U937 cells (Tables 37-38, Figs. 23-24).
Single and Dual Fluorescence Analysis
Average MFI values and percentages of gated U937 and T84 cells with adherent 
WT bacteria are shown in Tables 39 and 40, respectively. Analysis by ANOVA of
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Table 33. Average MFI of wild-type and ompC::TnlO mutant bacteria adhered to
unlabeled U937 cells. [MFI was measured by flow cytometry]
I n m IV V VI
Assay # MOI MFI of WT MFI of MT AF Adjusted MFI of MT
1 10 30 27 1 27
100 228 244 244
1000 1230 1254 1254
2 10 169 239 0.67 160
100 567 994 666
1000 1441 1444 967
3 10 64 24 1.5 36
100 877 150 226
1000 3023 1474 2210
7 10 99 85 0.7 59
100 577 744 521
500 1547 2146 1502
1000 1960 2977 2084
10 10 21 18 0.92 16
100 187 313 288
500 895 1048 964
1000 1373 1743 1604
12 10 21 15 2.15 32
100 142 158 340
500 457 461 991
1000 637 720 1549
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Table 34. Estimated average number of wild-type and ompCv.TnlO mutant bacteria
bound per unlabeled U937 cell. [Estimated from MFI of cells with bacteria/ MFI of
bacteria alone]
Assay# MOI No. of WT bacteria/cell No. of MT bacteria/cell
1 10 2 1
100 12 12
1000 65 64
2 10 29 29
100 98 120
1000 250 175
3 10 2 1
100 26 6
1000 90 57













Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
percentages of gated U937 and T84 cells revealed that single-color parameter analysis 
yielded significantly fewer gated cells compared to dual-color parameter analysis (Tables 
41-42 and Figs. 25-26). It was observed, however, that corresponding MFI values at each 
B:C ratio were about the same between single and double fluorescence. It was also 
observed that the percentage of gated cells decreased as
the B:C ratio increased in each case; the decrease was more pronounced in single-color 
fluorescence. This was a result of samples shifting positions as the B:C ratio increased 
(Figs. 27-28). This sample shifting posed a problem in single fluorescence analysis 
because a designed gates did not work well for all the samples within a trial (Fig. 27). 
Sample shifting was not a problem in dual analysis because the size of FL2 
accommodated the samples relatively well as they shifted positions at higher B:C ratios 
(Fig. 28).
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Table 35. Randomized complete block design ANOVA of Ln(MFI) values of wild-type
bacteria bound to PKH-labeled and unlabeled U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Dye 0.201 1 0.201 0.287 0.595
B:C Ratio 82.889 3 27.63 39.441 0.000
B:C ratio* Dye 0.008 3 0.003 0.004 1.000
Error 28.022 40 0.701
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Table 36. Randomized complete block design ANOVA of Ln(bacteria/cell) values of
wild-type bacteria bound to PKH-labeled and unlabeled U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Dye 0.529 I 0.529 0.339 0.564
B:C Ratio 85.631 3 28.544 18.305 0.000
B:C ratio *Dye 0.231 3 0.077 0.049 0.985
Error 62.372 40 1.559
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W T : U937 Cell
Fig.21. Effect of PKH26 dye on adherence of S. enterica serovar 
Typhimurium wild-type 14028 to U937 macrophage cells. Histograms 
show mean fluorescence intensity (MFI) of wild-type bacteria bound to 
unlabeled U937 cells (gray) and PKH26-labeled U937 cells (black). 
ANOVA showed no significant difference (P=1.000) in MFI of wUd-type 
bacteria bound to unlabeled and labeled U937 cells.
(n-21 for unlabeled cells and n=27 for PKH-labeled cells). Error bars 


















W T : U937 Cell
Fig.22. Effect of PKH26 dye on adherence of S. enterica serovar 
Typhimurium wild-type 14028 to U937 macrophage cells. Histograms 
show estimated number of wild-type bacteria bound per U937 cell. 
Unlabeled U937 cells (gray) and PKH26-labeled U937 cells (black). 
ANOVA showed no significant difference (P=0.985) in MFI of wild-type 
bacteria bound to unlabeled and labeled U937 cells.
(n=21 for unlabeled cells and n=27 for PKH-labeled cells). Error bars 
represent standard error bars on mean square error (MSE) from ANOVA.
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Table 37. Randomized complete block design ANOVA of Ln(MFI) values of
ompCiiTnlO mutant bacteria bound to PKH-labeled and unlabeled U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Dye 0.376 1 0.376 0.732 0.397
B:C Ratio 107.968 3 35.989 70.14 0.000
B:C ratio*Dye 0.541 3 0.180 0.351 0..788
Error 20.524 40 0.513
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Table 38. Randomized complete block design ANOVA of Ln(bacteria/cell) values of
ompC::TnlO mutant bacteria bound to PKH-labeled and unlabeled U937 cells.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Dye 0.838 1 0.838 0.585 0.449
B:C Ratio 102.93 3 34.31 23.949 0.000
B:C ratio *Dye 0.122 3 0.041 0.028 0.993
Error 57.304 40 1.433
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M T: U937 Cell
Fig.23. Effect of PKH26 dye on adherence of S. enterica serovar 
Typhimurium ompCiTnlO mutant BHKC1 strain to U937 macrophage 
cells. Histograms show mean fluorescence intensity (MFI) of wild-type 
bacteria bound to unlabeled U937 cells (gray) and PKH26-labeled U937 
cells (black). ANOVA showed no significant difference (P=0.788) in MFI 
of ompC mutant bacteria bound to unlabeled and labeled U937 cells.
(n=21 for unlabeled cells and n=27 for PKH-labeled cells). Error bars 
represent standard error bars on mean square error (MSE) from ANOVA.
I l l
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M T: U937 Cell
Fig.24. Effect of PKH26 dye on adherence of S. enterica serovar 
Typhimurium ompC. JrdO  mutant BHKC1 strain to U937 macrophage 
cells. Histograms show estimated number of wild-type bacteria bound per 
U937 cell. Unlabeied U937 cells (gray) and PKH26-labeled U937 cells 
(black). ANOVA showed no significant difference (P=0.993) in MFI of 
wild-type bacteria bound to unlabeled and labeled U937 cells.
(n=21 for unlabeled cells and n=27 for PKH-labeled cells). Error bars 
represent standard error bars on mean square error (MSE) from ANOVA.
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Table 39. Average MFI and percentages of gated U937 cells with adherent WT bacteria





TRIAL# B:C RATIO 
(MOD
MFI % of U937 
cells in gate 
(R2)
MFI % of U937 
cells in gate
(Rl)
1 10 60 83 61 96
100 472 79 465 86
500 - - - -
1000 0 0 3169 96
2 10 364 46 284 88
100 1168 53 1106 69
500 2540 28 2483 36
1000 2866 13 2808 20
3 10 255 48 219 91
100 1036 59 992 77
500 2589 30 2563 37
1000 3281 8 3242 47
4 10 64 45 63.67 88
100 563 36 561.7 71
500 1331 13 1317 31
1000 1748 6 1660 23
5 10 22 52 22 99
100 119 25 116 92
500 359 16 326 72
1000 595 20 508 51
6 10 24 64 26 97
100 154 39 172 95
500 586 4 552 76
1000 1059 1 892 62
7 10 23 41 25 96
100 135 6 200 94
500 455 3 702 85
1000 833.1 1 1276 75
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Table 40. Average MFI and percentages of gated T84 cells with adherent WT bacteria







MFI % of T84 
cells in gate 
(R2)
MFI % of T84 
cells in gate 
(Rl)
1 10 18 55 18 79
100 180 24 181 64
500 497 6 459 35
1000 581 9 579 26
2 10 11 41 12 80
100 104 41 93 81
500 435 32 338 55
1000 710 23 567 36
3 10 24 30 25 84
100 184 5 159 84
500 637 3 479 72
1000 1012 2 913 58
4 10 8 24 8 79
100 50 4 39 90
500 146 4 116 89
1000 253 4 224 80
5 10 17 42 18 73
100 109 41 108 72
500 383 33 338 59
1000 601 27 566 49
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Table 41. Randomized complete block design ANOVA of percentage of gated U937
cells with adherent wild-type bacteria in a single-color and dual-color parameter analysis.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 3569.041 6 594.84 2.344 0.049
B:C ratio 16644.411 3 5548.137 21.866 0.000
Label (Single vs. Dual) 23295.127 1 23295.127 91.801 0.000
B:C ratio * Label 65.227 3 21.742 0.086 0.967
Error 10149.538 40 253.738
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Table 42. Randomized complete block design ANOVA of percentage of gated T84 cells
with adherent wild-type bacteria in a single-color and dual-color parameter analysis.
Source of Variation Sum-of-Squares df Mean-square F-ratio P
Trial 839.196 4 209.799 0.923 0.465
B:C ratio 4370.644 3 1456.881 6.409 0.002
Label (Single vs. Dual) 20092.806 1 20092.806 88.394 0.000
B:C ratio * Label 479.27 3 159.757 0.703 0.558
Error 6364.639 28 227.309
116
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
WT Bacteria : U937 Cell
Fig.25. Percentage of gated cells in single and dual fluorescence analysis. 
Single parameter analysis (FL1) was performed on gated U937 cells with 
adherent green fluorescent bacteria from forward (FSC) and side (SSQ patterns. 
Dual parameter analysis (FL1 vs. FL2) was performed on gated red fluorescent 
U937 cells with adherent green fluorescent bacteria.
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100
U s
10:1 100:1 500:1 1000:1
Bacteria : T84 Cell
Fig.26. Percentage of gated cells in single and dual fluorescence analysis. 
Single parameter analysis (FL1) was performed on gated T84 cells with 
adherent green fluorescent bacteria from forward (FSC) and side (SSQ patterns. 
Dual parameter analysis (FL1 vs. FL2) was performed on gated red fluorescent 
T84 cells with adherent green fluorescent bacteria.
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Fig. 27. Single-color fluorescence. Dot plots of FSC vs. SSC of U937 cells with 
adherent FTTC-labeled bacteria at MOI of 10, 100, 500, 1000 (left). Right: 
Corresponding green fluorescence histogram plots with MFI and percentage of gated 
events.
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Fig. 28. Dual-color fluorescence. Dot plots of FL1 vs. FL2 of U937 cells with 
adherent FITC-labeled bacteria at MOI of 10,100.500,1000 (left). Right: 
Corresponding green fluorescence histogram plots with MFI and percentage of gated 
events. Gate (Rl) is only on host cells without free bacteria.
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DISCUSSION
Other investigators have reported flow cytometric adherence assays using the 
green fluorescent lipophilic dye PKH-2 to label bacteria but the host cells remained 
unlabeled (69, 79). In such studies, cell analysis is based on single fluorescence of the 
labeled bacterial cells. In this study, a dual fluorescent flow cytometric adherence assay 
was used to assess adherence of serovar Typhimurium to human host cells. The 
technique involved labeling bacteria with FTTC and U937 and T84 host cells with PKH-
26. Cells were analyzed by both the traditional single fluorescent method and by the dual 
fluorescent method. A comparison of the two methods showed that dual-color analysis 
has advantages over single-color analysis. First, it allows a precise and more 
representative measurement of MFI from a larger pool of cells and this in turn allows a 
precise estimate of number of bacteria bound to each host cell. Significantly more cells 
are analyzed in FL1/FL2 dual-color analysis gate than in FSC/SSC single-color analysis 
gate. In the latter situation, an analysis gate was designed to balance the exercise of 
excluding free bacteria but including as many adherent cells as possible and by doing so 
cells were missed out from the gate. Also, cells are missed out when a gate is designed to 
select a certain population of cells—a biased population of cells gets selected. Dual-color 
analysis is not as selective because more cells are included in the quadrant that is made 
based on the two-fluorescent colors in the system. Second, gating in dual-color plot 
analysis is more specific because cells are analyzed based on two-color selection. In this 
study, adherence was assessed from gating red fluorescent cells for their green
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fluorescence intensity and not simply from gating all cells that fluoresce green. In the 
latter scenario, free floating bacteria can also be in the analysis gate and count as "events" 
and the MFI values obtained from such a population is not an accurate representation of 
cells involved in adherence. Third, cells were observed to shift positions towards the 
right of the FSC/SSC plot as the MOI increased and that direction in shift was actually 
away from the analysis gate itself and this resulted in loss of cells from the gate. Thus, it 
can be difficult to design a gate that can accommodate such shifting phenomenon when 
the FSC/SSC plot is used to analyze single fluorescence. In dual-color analysis cell 
shifting was observed but it occurred within the boundaries of the gate and although there 
was a gradual decrease in percentages of gated cells as the MOI increased the decrease 
was much smaller compared to that in single-color analysis. There is no obvious specific 
explanation as to how this shifting occurred but a possible reason is the increase of 
bacterial load over host cells. As the MOI increased there were more bacteria per cell 
and that resulted in the observed increase on the FL1 scale and hence an increase of MFI 
values. There is no report on the effect of MOI on adhesion efficiency of Salmonella. 
However, there is a report on invasion efficiency that showed a strict physical limitation 
on entry of serovar Typhi into Int-407 cells at MOIs of >40 after assessing a range of 
MOIs from -0.4 to 4,000 (33).
Although FTTC is still frequently used to label cells, there is indication from 
literature that direct labeling of bacteria with fluorescein derivatives can afreet protein 
moities on the bacterial surface (69). Furthermore, it has recently been reported that 
macrophages have specific receptors for FTTC (82) and labeling bacteria with FTTC 
before performing a macrophage assay may affect the outcome of the assay. The use of
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PKH-2 and PKH-26 to label bacteria and host cells in adherence assay is a promising 
possibility. PKH- 26 dye is excited at -488 nm (max.) and its emission occurs at 567 nm 
(max) while PKH-2 is excited at 490 nm and emitted at 504 nm (max.) (Sigma Chemical 
Co.).
Conclusion
Labeling host cells with a fluorescent dye such as PKH-26 and allowing them to 
bind with FITC-labeled bacteria to quantitate adhesion is a novel procedure that has been 
developed in this study. This study has demonstrated the optimisation of a flow 
cytometry-based adherence to measure adherence of 5. serovar Typhimurium to host cells 
by using dual-color analysis without using fluorescent-conjugated antibodies.
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